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Chapter 1 
 
 
 
 
Introduction 
 
It is hard to believe that nanoparticle research initiated by the pioneering work of Nozik,1 
Grätzel,2,3 Brus,4,5 and Henglein6,7 on photochemistry of the colloidal CdS and TiO2 
nanomaterials in the late 1970s, and driven by the former oil crisis would soon be able to 
develop into one of the major fields of today’s modern science – nanoscience of colloidal 
crystals. Nowadays, the colloidal crystalline nanoparticles or colloidal nanocrystals (NCs) have 
become the important class of materials with a great potential for applications ranging from 
catalysis, medicine to electronic and optoelectronic devices.  
What is the reason of the unquenchable interest to these tiny nanoscale materials made of 
hundreds to a few thousand atoms each, placing them on one of the cherished topics over the 
almost three decades and making them so attractive for modern technology?  
The significant success of this new interdisciplinary field is attributed to the understanding 
and control over the electronic properties and photophysics of the nanoscale materials including 
the size-dependent optical properties and quantum confinement effects in semiconductor NCs 
triggered by early studies of Brus,8,9 Ekimov,10 Efros,11 and Itoh12. The electronic structure, 
optical and magnetic properties of the nanomaterials can be tuned by varying the physical size of 
the crystal, leading to new characteristics compared to bulk counterparts such as size-dependent 
band gap of semiconductor NCs, pronounced surface plasmon resonance of metal NCs, 
superparamagnetic behaviour of magnetic nanoparticles, etc. That gives us an additional tool to 
manipulate the properties of the nanoscale materials.  
At the same time, it was found that these nanomaterials possess key features of the 
electronic structure of their parent solids, making them smallest building units or functional 
modules of a material.9,13,14 For example, the design of new materials and metamaterials with 
desirable properties can be realized using the starting building units inherited the main functional 
characteristics, like a semiconductor or a magnet. In its own turn, traditional synthetic 
approaches that are based on atoms and molecules, as starting entities do not allow to establish a 
well-predictable correlation between the properties of starting units (reagent) and the final 
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products. The macroscopic assembly based on these NC building units can provide a powerful 
general platform for designing two- and three-dimensional solids with tailored electronic, 
magnetic, and optical properties as well as lead to the discovery of new phenomena as a result of 
their collective interactions.  
On the other hand, a remarkable progress in the surfactant-assisted synthesis of the NCs in 
organic media developed by Murray, Norris and Bawendi in 1993 allowed for control over size 
and shape of colloidal NCs as well as its applicability to a broad range of materials.15 Today, 
thanks to a large community of excellent scientist who worked on the colloidal synthesis of NCs, 
we have a well-developed methodology of chemical synthesis of diverse colloidal 
semiconductor, metal and magnetic NCs with well-defined size, shape, composition, phase 
uniformity and narrow size distribution. Such characteristics of the colloidal NCs are hardly 
simultaneously achievable with any physical methods including top-down and bottom-up 
approaches. Moreover, we possess a unique possibility of the combination of nanostructured 
components with intrinsically different functionalities which in its own turn, can be a powerful 
route to create novel functional materials. The subsequent control over the surface chemistry of 
the diverse colloidal NCs resulted in enhanced optical properties such as bright, spectrally 
tunable and stable photoluminescence (PL) with close to unity quantum yields (QYs) as well as 
unveiled the great potential of application-targeted opportunities of the NCs and NC-based 
assemblies.  
Despite the tremendous achievements that have been made in the area of colloidal NCs, 
there is still plenty of room to understand, manipulate, control and engineer the properties of 
these tiny objects as well as their collective characteristics in the form of NC-based assemblies. 
The important challenges that all NCs face are how to mutually orient the NCs, pack them in a 
desirable way and finally integrate and connect them to the external macroscopic world without 
losing their unique features. All these issues contribute to the problem of designing and 
fabrication of materials from nanoparticular building units.  
The work presented in the thesis is focused on the synthesis of diverse colloidal 
semiconductor NCs in organic media, their surface design with tiny inorganic and hybrid 
capping species in solution phase, and subsequent assembling of these NC building units into 
two-dimensional close-packed thin-films and three-dimensional non-ordered porous 
superstructures.  
 
The synthesis of diverse highly crystalline nanoparticular building units with 
unprecedented compositional and morphological tunability, crystal phase homogeneities and 
narrow size distribution in the presence of organic surfactants is introduced in Chapter 2. This is 
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the first prerequisite for their further studies and use in applications. To enhance an interparticle 
coupling between the NCs, the post-synthetic surface modification of the NCs via replacement of 
the pristine capping molecules (ligands) with new ones is of high importance. In Chapter 3, the 
new approach to the surface design with the new inorganic ligands such as halides, 
pseudohalides and metal-halide-complexes is demonstrated. The high affinity of these inorganic 
species to the NC surface allows for efficient surface modification of the NCs regardless of their 
size, composition and complex morphology. A special attention in Chapter 3 is drawn to outline 
the key aspects of successful inorganic ligation of the NCs in solution phase. A new promising 
concept which enables to tune colloidal solubility and self-organization of all-inorganic-capped 
NCs has been additionally presented. In Chapter 4, the optical properties and transport 
characteristics of 2D solids based on the all-inorganic NCs have been studied in detail with a 
special focus on their relevance to low temperature and solution-processed field-effect transistor 
(FET) applications. In Chapter 5, the novel approach to form 3D non-ordered assemblies based 
on the NCs capped with inorganic ligands using the metal-ion-assisted-complexation technique 
was demonstrated. The diverse all-inorganic semiconductor NCs with different morphology, 
compositions, size, surface charge and inorganic capping ligands have successfully been 
assembled into complex superstructures using appropriate coordinating counterions for the first 
time and studied in detail.  
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Chapter 2 
 
 
 
 
Synthesis of Colloidal Nanostructures – Nanoparticular Building 
Units 
 
 
Highly crystalline and monodisperse lead and cadmium chalcogenide NCs such as PbS, PbSe, 
PbTe, CdS, and CdSe with diverse morphology were synthesized in organic media. The 
synthetic routes developed for the preparation of zero-dimensional (0D) quasi-spherical PbS and 
PbSe NCs provide exceptional control over the NC growth dynamics leading to unprecedented 
narrow size distribution during their growth. The environmental stability and room temperature 
band-edge PL QY of the PbSe and CdSe NCs can be significantly improved by passivation of 
the NC surface with epitaxially-grown inorganic shells – PbS and CdS, respectively. Selective 
adhesion of the organic capping molecules allows for tuning the growth kinetics of different 
crystal facets and tailoring the shape of PbSe and CdSe NCs from nearly spherical to highly 
anisotropic, resulting in one-dimensional (1D) PbSe nanowires and two-dimensional (2D) CdSe 
nanoplatelets. Moreover, today’s demand on environmentally friendly nanoscale materials 
promotes further studies on low-toxic NCs. The synthetic approaches to the formation of ZnO 
nanoparticles with quasi-spherical and rod-like morphology are presented as well.  
The superior characteristics of the synthesized monodisperse NCs make them convenient objects 
for fundamental studies of their unique properties attractive for various electronic and 
optoelectronic applications.  
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2.1. Introduction 
 
During the past three decades, colloidal synthesis of inorganic nanostructures has 
experienced an enormous development leading to the appearance of a new branch of synthetic 
chemistry. Today many technologically important semiconductors, metals and magnetic 
materials can be synthesized with diverse morphology, composition and phase uniformity in a 
different size range as stable colloids. This amazing success of the colloidal chemical synthesis 
mainly bases on understanding and control of both nucleation and growth of the NCs in solution 
phase in the presence of organic surfactant molecules. These two intrinsically different processes 
that are strongly correlated have to be well-balanced. In turn, this is sometimes a highly 
challenging problem and usually is addressed empirically by searching for the proper reaction 
conditions such as a good combination of precursors, surfactants, solvents, temperature, etc. 
There is a special role of the surfactant molecules, dynamically adhering to the NC surface in 
tuning the kinetics of nucleation and growth of the NCs. Moreover, the surfactants allow for 
controlling the growth kinetics of well-defined crystal facets and tailoring the NC shape from 
quasi-spherical to highly anisotropic.  
All these materials can be combined in multicomponent colloidal nanostructures bringing 
together components of intrinsically similar or different functionality. The diverse combination 
of similar constituent entities (e.g. semiconductor-semiconductor) is a powerful route to control 
the confinement of electron and hole wave functions, their symmetry, QY and exciton lifetimes, 
i.e. to manipulate electronic and optical properties of the NCs. Furthermore, combining 
components of different functionalities (e.g. metal-semiconductor) can create novel functional 
materials with synergetic properties which are not found in either of their constituents. In 
addition to the facilities of colloidal chemical synthetic methods described above, the surfactant-
assisted wet chemical techniques can provide a narrow size distribution of NCs referred further 
as monodisperse NCs. The desired size range should not exceed 5 % (σ < 5 %) and is of high 
importance for further applications of the NCs. Synthesis of the monodisperse NCs requires a 
temporal separation of the nucleation event from the growth of the nuclei. The subsequent 
diffusion-controlled growth with a lack of secondary nucleation provides an additional size 
narrowing of the NCs. One can experimentally realize this by hot-injection, heating-up or seed-
mediated growth methods. In spite of plenty of different, sometimes completely novel 
approaches to the chemical syntheses of colloidal NCs, the further simplification, optimization 
and development of well-reproducible synthetic routes of monodisperse NCs with uniform size, 
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shape, composition, and surface morphology are nowadays of high importance. This is the first 
and pre-requisite step of their further investigation and use in practice.  
In this chapter, the advanced synthetic routes to various colloidal semiconductor NCs with 
desired size, morphology, composition and exceptionally narrow size distribution in organic 
media are presented. Most of the methods described here comply with both “green chemical” 
principles and “user-friendly” chemical methodologies and materials. Moreover, these methods 
can be scaled-up to produce multigram of the high-quality NCs.  
The synthesized colloidal NCs have atomic-like energy levels, and the charge carriers are 
confined either in three (quantum dots, QDs), or in two (nanowires, NWs, and nanorods, NRs) or 
in one (nanoplatelets, NPLs) dimensions. These nanomaterials with tunable electronic structure 
are further subjected to the complex and diverse surface modifications and are used as building 
blocks for a construction of more complex structures such as compact 2D arrays and 
interconnected three-dimensional (3D) network architectures.  
We start with solution-phase syntheses of lead chalcogenide semiconductor NCs such as 
PbS, PbSe, and PbTe. These nanoscale materials have band gap with energies corresponding to 
the near-infrared spectral region and can exist in the regime of strong quantum confinement due 
to the relatively large Bohr radii of the bulk excitons. We modified the conventional synthetic 
approaches to PbS and PbSe NCs that provided a better control over the growth dynamics and 
led to significantly reduced broadening of the particle size distribution during the NC growth. To 
increase the PL QY and enhance the environmental stability of PbSe NCs that are extremely 
oxygen- and photosensitive, the epitaxial inorganic passivation of PbSe core with PbS shell was 
introduced to produce the two-component PbSe/PbS nanostructures. The growth of the inorganic 
PbS shell via layer-by-layer epitaxy leads to enhanced environmental stability of the PbSe core. 
Additionally, the morphology of the passivating shell from quasi-spherical to cubic-like can be 
easily controlled by changing the reactivity of the precursors. To further engineer the shape of 
PbSe NCs, the strategy of oriented attachment of the constituent units into 1D colloidal branched 
NWs and their subsequent transformation into straight NWs at high temperatures are 
demonstrated.  
We continue with chemically synthesized cadmium chalcogenide NCs. This class of 
nanoscale materials is probably the most extensively studied among all colloidal nanoparticles. 
The well-established synthetic routes to cadmium chalcogenides yield monodisperse NCs with 
versatile morphological tunability, narrow size distribution and well-controlled surface 
chemistry. We adapted synthetic approaches to produce monodisperse CdS and CdSe NCs with 
different crystal structures in organic media using hot-injection or heating-up (non-injection) 
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techniques, with the main focus on CdSe NCs as the important nanoscale material for subsequent 
characterization and use in practical applications. The room temperature PL QY of the band edge 
luminescence of CdSe NCs can be significantly improved to 25–74 % by passivation with 
organic (oleylamine (OLA)) or epitaxially grown inorganic CdS shell. The two-component 
epitaxial CdSe/CdS NCs preserve narrow size distribution and high colloidal stability. We 
further tuned the charge carrier quantum confinement in CdSe NCs from three to one-
dimensional being characteristic for QDs and NPLs, respectively. The CdSe NPLs are quasi-2D 
colloidal nanomaterials with thicknesses that can be controlled with atomic precision without 
inhomogeneous broadening in the ensemble of CdSe NPLs. 
Today, in addition to the further extension of the compositional and morphological 
complexity of colloidal NCs as well as their monodispersity as a result of a growing demand for 
optimized electronic and optoelectronic characteristics, an essential attention is paid to the 
development of synthetic approaches to colloidal NCs from low-toxic and earth-abundant 
precursors. In conclusion, we present the synthesis of low-toxic ZnO NCs with rod-like and 
quasi-spherical morphology and relatively narrow size distribution (~6–9 %) using the sol-gel 
technique. Further optimization of the synthetic routes towards the narrowing size distribution 
and high PL QY is still required.  
The synthesized semiconductor colloidal NCs capped with long organic molecules 
presented in this thesis are the modular and versatile building blocks with narrow size 
distribution, highly uniform morphology, enhanced optical properties and well-controllable size. 
Such characteristics of the semiconductor NCs are the first precondition for their further use in 
electronic and optoelectronic devices.  
 
2.2. Synthesis of PbS Nanocrystals with Quasi-Spherical Morphology 
 
Lead sulfide NCs were prepared by a modified high-temperature synthesis based on the 
recipes of Hines et al.16 The initial recipe developed by Hines et al. was simple and well-
reproducible but resulted in relatively small particles with broad size distribution probably due to 
the high reactivity of the sulfur precursor – bis(trimethylsilyl)sulfide (TMS) and unbalanced 
Pb:S molar ratio. The absorbance and PL emission spectra of typical PbS NCs are presented in 
Figure 2.1.  
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Figure 2.1. The evolution of the absorbance (solid) and emission (dashed) spectra of the PbS NCs after 
1 min (black), 2 min (red) and 6 min (blue) reaction time synthesized following Hines’ approach.
16
 Note – 
the sensitivity of the near-IR PL detector is limited to the spectral region from 980 to 1600 nm.  
 
Since the activation energy for the homogeneous nucleation is usually much higher than 
that of the particle growth, the reactive precursor can easily initiate the fast nucleation and 
provide the formation of a high concentration of PbS nuclei. To balance the kinetics of 
nucleation and growth of PbS NCs, we increased the initial Pb : S molar ratio from 2 : 1 to 21 : 1 
with a final concentration of the precursors of 0.05 M (see details in Appendix A). Figure 2.2 
shows the temporal evolution of the absorbance and PL emission spectra of PbS NCs monitored 
during their growth in a noncoordinating solvent – 1-Octadecene (ODE). The size and 
concentration of the NCs were calculated based on the sizing curve and size-dependent molar 
extinction coefficients determined by Moreels et al.17  
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Figure 2.2. The evolution of the absorbance (A) and emission spectra (B) of the PbS NCs monitored 
during 12-minute-growth time at 120°C in ODE: 1 min (black), 2 min (red), 4 min (dark blue), 8 min 
(green), 10 min (purple), 12 min (brown) reaction time. The PbS NCs with a size of 7.7 nm were 
synthesized via an additional injection of reactive monomers (light blue). The PL emission spectra (C) as 
measured (solid) and fitted as a Gaussian function (dashed) are used for the evaluation of the relative 
integrated emission intensity. The PL emission peak of PbS NCs observed immediately after the injection 
of the reactive precursors had a maximum value of 1073 nm (pink). 
 
The growth dynamics of the NCs was monitored by taking samples from the reaction 
mixture at different intervals of time. All samples were quickly cooled and diluted with 
tetrachloroethylene (TCE) to stop the particle growth. The subsequent washing steps were 
necessary to remove the excess of organics hindering the direct measurements of absorption and 
PL characteristics. Since the peak position and width of the first excitonic transition or band-
edge luminescence of the PbS NCs is strongly dependent on particle size and particle size 
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distribution, we used these values to evaluate the growth kinetics of PbS NCs.18 Figure 2.3 
shows the evolution of full-width at half-maximum (FWHM) of the first exciton transitions and 
band-edge PL from the absorbance and emission spectra as a function of size, respectively as 
well as the temporal dependence of the mean PbS particle size during the NC growth.  
 
 
Figure 2.3. (A) The FWHM values of the band-edge PL (solid) and the first exciton transitions (dashed) 
of the PbS NCs during their continuous growth at 120°C. The circled point corresponds to 7.7 nm PbS 
NCs as a result of a slow additional injection of the initial monomers at 90°C. (B) Temporal dependence 
of the mean particle size during the growth of the PbS NCs at 120°C in ODE (black) and squalene (red) 
as the noncoordinating solvents.  
 
The peak widths corresponding to either the first exciton transition or the band-edge PL 
emission have a common tendency to increase (decrease) with broadening (narrowing) size 
distribution, although the “sensitivity” of the emission spectra to the size distribution is noticed 
to be higher than that of the absorbance. Analysis of the experimental data shows that during 
10 min of reaction time the growth of the NCs operates under “focusing regime” with narrowing 
of the particle size distribution. Up to 5 (!) electronic transitions are resolved in the absorbance 
spectra, indicating extremely narrow size distribution (σ ~ 4 %) of the 5.7 nm PbS NCs. The 
value of 4 % means that the standart deviation of the mean size of NCs does not exceed 4%. 
Further heating of the reaction mixture accompanied by decreasing concentration of the 
monomers resulted in a broadening of the size distribution known as “defocusing regime”.18–20 
The values of FWHM, calculated from the first exciton peaks after 10- and 12-minute-growth 
were 45 meV and 46 meV, respectively, indicating a broadening of the size distribution after 
10 min. The subsequent growth of the NCs can occur through the Ostwald ripening mechanism, 
where the large particles in solution grow at the expense of dissolving small ones. To eliminate 
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the “defocusing stage” the additional injections of precursors are required. A second injection of 
the molecular precursor increases the NC growth rate and refocuses the size distribution leading 
to reduction of the FWHM to 28 meV for 7.7 nm PbS NCs.  
To obtain smaller PbS NCs, one can decrease the monomer concentration, the 
concentration of surfactants or simply replace ODE with squalene without disturbance of a 
narrow size distribution (Figure 2.4).  
 
 
Figure 2.4. The evolution of the absorbance (A) and emission spectra (B) of the PbS NCs monitored 
during 10-minute-growth time at 120°C in squalene: 1 min (black), 2 min (red), 4 min (dark blue), 8 min 
(green), 10 min (purple) reaction time. 
 
TEM images reveal that the 5.7 nm PbS NCs are highly crystalline with quasi-spherical 
uniform morphology and free from stacking faults and lattice defects. The narrow size 
distribution of the NCs resulted in hexagonal 2D arrangement of the PbS NCs on the TEM grids 
(Figure 2.5 A). EDX measurements indicate the composition of PbS NCs as Pb : S = 1.2 : 1. As 
shown in Figure 2.5 B, the NCs have a cubic crystal structure with a grain size of 5.8 nm, 
calculated in the direction perpendicular to (220) lattice plane using the Scherrer equation 
(K = 0.90). The narrow size distribution excludes the laborious post-synthetic size-selective 
precipitation which can lead to decreased band edge PL efficiency due to partial washing out the 
capping ligands.  
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Figure 2.5. (A) TEM images of 5.7 nm PbS NCs and (B) the corresponding wide-angle powder X-ray 
diffractogram. The red stick patterns show the standard peak positions of bulk galena PbS with cubic 
crystal structure (COD#9008694). 
 
Today, the reliable determination of absolute PL QY of near-IR emitting NCs remains a 
challenging task since there is a lack of near-IR organic standard dyes, pronounced absorbance 
of the organic solvents and capping ligands as well as a low sensitivity of the detectors of many 
spectrofluorometers, especially beyond 1600 nm. For example, one can find the reported PL 
QYs for PbS NCs in the range of 10–70 %.16,21,22 We compared the changes in the relative 
integrated emission intensities normalized to the absorbance spectra at the same excitation 
wavelength (see Appendix A for details). The integrated fluorescence intensity of PbS NCs taken 
after 1 min was considered as a reference with a value of 1.0. The relative PL integrated 
intensities of the NCs with different sizes are summarized in Table 2.1. The maximum PL 
enhancement is reached for 4.4 nm PbS NCs. The PL integrated intensities of PbS NCs with 
5.5 nm and 5.7 nm as well as 3.1 nm cannot be determined based on the solely measured data 
due to the detector limit, i.e. the operational spectral range varies from 980–1600 nm. The rough 
estimation can be done using the weighted Gaussian line function fitting of the corrected 
emission spectra. The calculated values are presented in Table 2.1. 
As one can see, the PL intensity has a tendency to increase with increasing the size of the 
NCs from 2.9 nm to 4.4 nm with a further drop for the bigger particles. Important to notice that 
we have not observed any improvements in the PL intensities after adding primary amines, e.g. 
OLA in contrast to the significant amine-assisted PL enhancement in CdSe system (see below).23 
The latter confirms the lower affinity of amines to lead centers rather than to cadmium ones. This 
special feature is important for further surface modification of the NCs where amines can be 
used as intermediate ligands for solution-phase ligand exchange of the NCs.  
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Table 2.1. Relative PL integrated intensities during growth of the PbS NCs based on the 
measured and fitted data with respect to PL of 4.0 nm PbS NCs as a reference sample 
Size, 
nm 
Reaction 
time, min 
Relative 
integrated PL 
intensity 
Relative integrated PL 
insensity based on 
Gaussian fitting functions 
Coefficient of determination 
(R2) of the weighted 
Gaussian function 
3.1 0 - 0.3 0.999 
4.0 1 1.0 1.0 0.972 
4.4 2 2.2 2.1 0.993 
5.0 4 1.7 1.6 0.971 
5.5 8 - 1.5 0.981 
5.7 10 - 1.1 0.990 
 
Additional steps were taken in the synthesis modification to replace the toxic sulfur 
precursor – TMS with less toxic chemicals. We used elemental sulfur in trioctylphosphine (TOP) 
or in OLA–ODE mixture as a sulfur precursor but the growth control in these cases was much 
more complicated leading to a broad distribution in size and even shape during a short interval of 
reaction time, and should be further optimized.  
In conclusion, the presented approach to the synthesis of PbS NCs in the size range of 3–
8 nm allows for reproducible growth dynamics of quasi-spherical PbS NCs with well-
controllable “focusing” of the size distribution. This leads to an unprecedentedly narrow size 
distribution of highly crystalline PbS NCs in noncoordinating solvents. The method is relatively 
simple as compared to others, e.g. those of Cademartiri et al.,24 Abel et al.25 or Nagel et al.,26 
while can easily be scaled-up for further applications. 
 
2.3. Synthesis of Quasi-Spherical PbSe Nanocrystals 
 
Since the appearance of the first report on the chemically synthesized PbSe NCs by Murray 
et al.
27
 via a direct arrested precipitation technique, a significant progress has been made in the 
syntheses of these nanomaterials possessing diverse uniform shapes and high crystallinity.28–31 
Various approaches to the synthesis of quasi-spherical PbSe NCs mainly include the reaction of 
lead (II) oleate (Pb(OA)2) with TOP·Se as lead and selenium sources, respectively in the 
presence of trialkylphosphine or carboxylic acids as surfactants in the noncoordinating solvents 
such as ODE or squalene. These methods are based on a temporal separation of the 
homogeneous nucleation and growth in a one-pot reaction. However, due to easy-to-reach 
unbalancing of the nucleation and growth rates, the reaction may lead to NCs with a broad 
distribution in size and shape. For example, the direct reaction between lead (II) oleate with 
TOP·Se typically yields very large NCs with octahedral morphology because of a very slow 
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nucleation of the PbSe NCs as a result of the high energetic barrier of homogeneous nucleation 
and insufficient reactivities of the precursors.  
To optimize the synthesis of PbSe NCs, we changed the traditional reaction route based on 
the homogeneous nucleation of PbSe NCs with an in situ cation-exchange-mediated nucleation 
via intermediate SnSe nuclei formation. We found that this technique is more efficient than 
altering the reactivity of the molecular precursors, the type of stabilizing agents and their relative 
ratio. This new approach proposed by Kovalenko et al. enables to control the nucleation rate by 
generating intermediate nuclei, which quickly undergo a cation-exchange reaction.32 This new 
synthetic procedure is different from a post-synthetic cation exchange technique. It is well-
known that post-synthetic cation-exchange reactions on the nanometer scale extend synthetic 
methods developed for various nanostructures with well-defined shapes, sizes and compositions 
to NCs, for which the traditional synthetic approach is very difficult. To guarantee 
compositional, structural and phase homogeneity within the NCs as well as a complete cation 
exchange and narrow size distribution, the reactivities of all cation precursors and reaction 
conditions need to be finely balanced. This can be again challenging. For example, a cation 
exchange of Cd2+ with Pb2+ was observed during the treatment of CdSe NCs with PbCl2 in OLA 
resulting in PbSe NCs with CdSe thin shell layer, i.e. inhomogeneous phase. Properties of the 
PbSe/CdSe system can differ from “pure” PbSe NCs.33  
In turn, cation-exchange-mediated nucleation is based on the in situ exchange taking place 
during the nucleation stage by introducing lead precursor directly into the solution used for the 
synthesis of SnSe NCs. This method relies on an unusually fast cation-exchange reaction (< 1 s) 
of Sn2+ ions in reactive SnSe nuclei with Pb2+ guest cations leading to complete and fast PbSe 
phase formation, and resembles molecular-like reaction kinetics. It is important to outline that 
the preliminary experiments made by Kovalenko et al. also showed an efficient post-synthetic 
cation exchange of SnSe and SnTe NCs with PbCl2 in OLA and potentially can be used to get 
lead chalcogenides.32  
In our synthetic procedure, we replaced lead (II) chloride in OLA with traditional lead (II) 
oleate in squalene. The latter excludes the special role of OLA in the cation exchange as it was 
expected before for the amine.32 Moreover, the lead (II) chloride in OLA can easily recrystallize 
at high temperatures forming a heterogeneous system that is undesirable. To eliminate the 
harmful influence of the acetic acid on the size and morphology of the NCs, we used lead (II) 
oxide rather than lead (II) acetate in all synthetic procedures to prepare lead (II) oleate.34  
The injection of lead and tin precursors at 175°C immediately induces nucleation of SnSe 
NCs rather than PbSe NCs due to a higher reactivity of the tin precursor – Sn[N(SiMe3)2]2 
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compared to lead (II) oleate (Figure 2.6). The combination of extremely high reactivity of the as-
formed SnSe NCs, the high concentration of Pb2+ (Pb2+/Sn2+ ~ 4), the same cubic rock-salt 
crystal structure and similar ionic radii (r(Pb2+) = 119 pm, r(Sn2+) = 118 pm)35,36 favors the fast 
and complete cation exchange of Sn2+ in SnSe NCs with Pb2+ leading to PbSe phase. The 
concentration of tin in the sample taken immediately after precursor injection (~1 s) was lower 
than the detectable limit of both EDX and ICP-OES techniques confirming the almost complete 
cation exchange. The latter is in agreement with the results of Kovalenko et al.32 We also admit 
that it is still unclear whether the cation exchange finishes on the nucleation stage strictly or may 
complete on the stage of the SnSe growth. To state this unambiguously, more sophisticated in 
situ methods for studying the NC growth are required.  
 
 
 
Figure 2.6. The scheme illustrates the synthesis of PbSe NCs based on an in situ cation-exchange-
mediated nucleation via SnSe nuclei formation. 
 
The subsequent growth at 150°C of PbSe NCs was monitored and the evolution of the 
absorbance spectra is presented in Figure 2.7 A.  
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Figure 2.7. (A) The evolution of the absorbance spectra of the PbSe NCs monitored after 1 min (black), 
2 min (red), 3 min (dark blue), 4 min (green) and 5 min (purple) reaction time at 150°C in squalene. (B) 
The chosen absorbance spectra of the PbSe NCs with size ranging from 4.1 nm to 8.2 nm that can be 
synthesized by adjusting the injection and growth temperatures, the concentration of either 
Sn[N(SiMe3)2]2 or OA with reaction time 2–5 min. The large 8.2 nm PbSe NCs were obtained by a slow 
addition of the precursors after 5 min reaction time into the crude solution of the 6.0 nm PbSe NCs at 
140°C during 30 min. The values of FWHM of the first exciton transitions are presented in brackets. 
 
As one can see, during 5 min reaction time the average size of PbSe NCs increases to 
6.0 nm and the size distribution is focused. The latter results in decreasing FWHM of the lowest 
energy exciton transition up to 41 meV. The absorbance spectra of PbSe NCs show the well-
resolved resonances characteristic of the excitations between quantum-confined hole and 
electron states and confirm the exceptionally narrow size distribution of the NCs. After 5 min, 
the monomer concentration was depleted due to the NC growth leading to size broadening. On 
this stage, the small NCs become unstable while the larger PbSe NCs grow at the expense of 
dissolving smaller ones. The distribution can be refocused by the additional injection of lead (II) 
oleate and TOP·Se into the reaction mixture. 
The monodisperse PbSe NCs with size ranging from 4.1 nm to 6.7 nm can be synthesized 
by adjusting the injection and growth temperatures, the concentration of Sn[N(SiMe3)2]2 and 
oleic acid (OA) and (or) TOP as capping ligands (see details in Appendix A) (Figure 2.7 B). 
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Generally, the size of the PbSe NCs increases with raising the injection and growth temperature 
and the optimal temperature range for the synthesis of monodisperse NCs was observed between 
140–210°C. The higher concentration of reactive Sn[N(SiMe3)2]2 molecular precursor provides 
the fast nucleation and high concentration of nuclei, yielding smaller NCs. Similar to the PbS NC 
synthesis, lowering the concentration of the stabilizing agent – OA in the reaction mixture leads 
to decreasing the NC size. Since the OA can react with Sn2+ ions, it is reasonable to expect that 
the higher concentration of OA can result in slower nucleation and thus bigger particles.  
The as-synthesized PbSe NCs have a uniform, quasi-spherical shape with narrow size 
distribution (Figure 2.8 A,B) as was unveiled by TEM and HRTEM imaging. Powder XRD 
analysis revealed the rock-salt clausthalite crystal structure of these particles (Figure 2.8 C). The 
NC sizes estimated from the broadening of the XRD reflexes were consistent with those obtained 
from TEM images. Additionally, the calculated size of PbSe NCs based on the sizing curve 
determined by Dai et al.37 is in a good agreement with the measured values. Thus, this sizing 
curve was further applied to estimate the size of the NCs. EDX spectroscopy showed the Pb : Se 
ratio was 1.5 : 1 in 5.8 nm PbSe NCs, confirming the lead-terminated surface of the synthesized 
PbSe NCs. 
 
 
Figure 2.8. (A) TEM and (B) HRTEM images of 5.8 nm PbSe NCs and (C) the corresponding wide-angle 
powder X-ray diffractogram. The red stick patterns show the corresponding reflection positions and 
intensities of bulk clausthalite PbSe (COD#9011360). The size of the PbSe NCs estimated by the Scherrer 
equation, applied to (220) reflections (K = 0.90) was 5.8 nm.  
 
In summary, highly crystalline PbSe NCs with extremely narrow size distribution in the 
size range of 4.1 nm to 8.2 nm were synthesized by the cation-exchange-mediated nucleation 
approach. This method allows for decreasing the high energetic barrier of the nucleation of PbSe 
NCs via intermediate formation of SnSe nuclei that are subsequently subjected to fast cation 
exchange with Pb2+ guest ions leading to the formation of PbSe NCs in less than 1 s of the 
C
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reaction time. We showed that the reproducible growth kinetics of PbSe NCs can be realized 
using traditional precursors and stabilizing agents such as lead (II) oleate and OA, respectively in 
squalene as a noncoordinating solvent. The kinetics of the PbSe growth was not affected by the 
replacement of OLA with OA and ionic precursor PbCl2 with Pb(OA)2 outlining the strong 
nucleation control in the synthesis of monodisperse PbSe NCs. The nucleation rate can be easily 
changed by adjusting the injection temperature, the concentration of tin molecular precursor and 
OA, as a capping ligand resulting in highly monodisperse PbSe NCs with a defined size.  
 
2.4. Synthesis of PbSe Nanowires as One-Dimensional Nanoscale Materials 
 
One of the most exciting aspects of colloidally synthesized nanomaterials is the 
opportunity of the morphological tunability of nanoscale building blocks. The possibility of both 
size and shape engineering of diverse NCs gives us a powerful tool to modulate their properties.  
Various NC shapes are determined by the symmetry of the underlying crystal lattice and 
strongly depend on the growth kinetics of the different crystal facets. The growth rates in 
different crystallographic directions in the NCs can be tuned by the proper choice of surfactant 
molecules or their multicomponent mixture, the length of the alkyl chains, their concentration, 
and the heating regime. This leads to tailoring the NC shape from quasi-spherical to highly 
anisotropic. One of the technologically important anisotropic materials is nanowires (NWs), 
where the tuning of the quantum confinement characteristics can be achieved by confining the 
size of the materials in two dimensions – so called 1D nanomaterials. The colloidal 
semiconductor NWs can be aligned in external electric fields, facilitating their integration in 
electronic circuits and thus can be employed in high-performance FETs, biosensors and 
thermoelectric devices.  
In this subchapter, we present the modified method of the solution-based synthesis of 
crystalline PbSe NWs originally developed by Cho et al.38 We synthesized PbSe NWs with a 
branched morphology which can further be transformed into NWs with straight and smooth 
shape at high temperatures. The mechanism of the NW formation is based on the oriented 
attachment of the NC units. They attach one another and fuse along identical crystal facets with 
the formation of oriented chains. The mechanism of the oriented attachment is based on dipole-
dipole interactions and does not require any metal NCs as catalysts in contrast to the solution-
liquid-solid-growth technique.38 
To synthesize branched PbSe NWs, we used OA and tetradecylphosphonic acid (TDPA) as 
the main surfactant and co-surfactant, respectively, high reaction temperature (~230°C) and high 
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Pb : Se reactant molar ratio in ODE (see details in Appendix A). We find that all these reaction 
conditions are required to form NWs with exclusively high yield.  
Figure 2.9 presents the SEM and TEM images of the synthesized PbSe NWs with branched 
morphology and average inner diameter of ~10 nm, the length of total radial arms ~10 nm 
(~5 nm from each side of the central axis of the NW) and a lateral length from 5 to 20 µm. This 
is consistent with ~10 nm diameter PbSe NCs as building blocks which were attached along 
<100> direction. As one can see in Figure 2.9 A and Figure 2.9 C, the branched PbSe NWs are 
capped with excess of organic ligands (mainly TDPA) that is not easy to remove and, thus, it is a 
serious obstacle for further characterization and applications of these colloidal NWs. The 
intensive cleaning steps were not successful and resulted in a side-wall sticking or agglomeration 
of the NWs due to desorption of surface ligands (Figure 2.9 B). The same problem persisted in 
the case of straight PbSe NWs. To tackle this, the technique of organic-inorganic ligand 
exchange was applied (see more details in Chapter 3).  
 
 
Figure 2.9. (A) SEM images of PbSe branched NWs grown in solution in the presence of TDPA as a co-
surfactant. The rests of organics are well visible. The inset shows the HRSEM images of individual PbSe 
NWs. (B) SEM images of thick PbSe fibers formed by a transversal sticking of the PbSe NWs. (C) TEM 
images of the same branched PbSe NWs presented in (A). 
 
The exchange of organic ligands with inorganic ions can facilitate the transfer of the NWs 
in polar media, in which the OA and TDPA are not soluble. The PbSe NWs may be further used 
in a polar solvent or again transferred into organic media via a second ligand replacement, i.e. 
inorganic ligands with organic molecules. Further characterization of both branched and straight 
NWs was carried out after the ligand exchange of the organic molecules with iodide ions. The 
iodide ions can completely replace organic ligands from the surface of the NWs and provide a 
stable colloidal solution of the PbSe NWs in propylene carbonate with preserving morphology 
and size distribution of the wires (Figure 2.10).  
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Figure 2.10. TEM images of branched (A) and straight (B) PbSe NWs capped with iodide ligands before 
(A) and after (B) thermal annealing, respectively. The insets of the HRTEM images depict the star-shaped 
PbSe building unit with six {100} branches (arms) (A, top left), the branched PbSe NWs (A, bottom right) 
and the straight PbSe NWs (B, bottom right) after thermal treatment of the same branched NWs. 
Schematic pictures illustrate the star-shaped PbSe building unit [1] due to the faster growth of the {100} 
facets compared to the {111} ones, when the latter are selectively blocked by TDPA. The oriented 
attachment of the PbSe NCs into the branched NWs along preferable <100> direction is presented as 
[2]. The annealing of the branched NWs resulted in the dissolution of unstable {100} side-arms and 
surface recrystallization with the formation of the {100}-faced-sidewall NWs. The latter likely takes place 
via the formation of intermediate undulated NWs [3] with subsequent smoothing of their {111} edges 
leading to straight NWs [4]. 
 
According to Cho et al., the chemical nature of the stabilizing ligands is important and can 
significantly affect the surface energy of different facets of PbSe building blocks.38 In our case, 
the original rock-salt PbSe NCs undergo the surface reconstruction via selective adhesion of the 
TDPA as a co-surfactant to eight {111} facets. The faster growth of the {100} facets compared 
to the better passivated {111} facets leads to their elongation and formation of the star-shaped 
PbSe building blocks with six {100} arms ([1] in the scheme of Figure 2.10 and left top inset of 
HRTEM in Figure 2.10 A). Further attachment and fusion of these star-shaped PbSe NCs along 
<100> axis lead to the branched (armed) structure of the NWs ([2] in the scheme of Figure 2.10 
and Figure 2.10 A). This can also be confirmed by XRD analysis. In Figure 2.11, one can see 
from the XRD pattern that (200) and (400) reflexes are enhanced compared to the same reflexes 
of PbSe NCs due to preferential orientation of the (100) lattice planes parallel to the substrate. 
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Such orientation is possible when the growth of NWs occurs along the <100> axis. 
However, we also admit that when the passivation of the {111} facets is incomplete, the 
growth can occur on (111), (100) and (110) planes, which leads to a change in preferable 
orientation along <100> axis resulting in an “additional” roughness in the NW morphology. 
Interestingly, the side-arms are nearly uniform along the PbSe NWs indicating slow growth rates 
of the side-arms and a fast growth rate of the central part of the NWs. 
 
 
Figure 2.11. Wide-angle XRD patterns of 7.5 nm PbSe NCs and the branched PbSe NWs with the inner 
diameter of ~10 nm capped with iodide ions. The red stick patterns show the corresponding reflection 
positions and intensities of bulk clausthalite PbSe (COD#9011360). 
 
The role of both TDPA and OA in the growth of PbSe NWs is important. For example, the 
replacement of TDPA with the same amount of OA led to PbSe NCs with cubic morphology 
without the formation of PbSe NWs. In turn, attempts to synthesize PbSe NWs in the absence of 
OA were unsuccessful since the soluble product of PbO and TDPA in ODE did not form even at 
high temperatures (up to 310°C). Further increase of the TDPA : OA ratio resulted in PbSe NWs 
with a slightly smaller diameter. Moreover, with increasing concentration of TDPA the 
nucleation of PbSe NWs was delayed up to 50 s due to stronger binding of TDPA molecules to 
the lead species. The delayed nucleation provides good intermixing of the reactants and 
achievement of thermal equilibrium of the reaction mixture.  
Additionally to the influence of the chemical nature of the capping ligands, we found that 
the temperature can significantly affect the morphology of the colloidal NWs. As-synthesized 
branched PbSe NWs can be further transformed into straight NWs under high-temperature 
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treatment (260–270°C) for 3–5 min (Figure 2.10 B). Since the branched {100} facets have a 
higher energy compared to well-passivated {111} ones it is reasonable to expect that the high-
reactive {100} facets can be eliminated under annealing leading to {100}-faceted sidewalls. One 
can see that the diameter of the NWs before and after annealing is very similar, whereas the 
appearance of small cubic NCs is well-distinguishable in HRTEM images (insets in 
Figure 2.10 B). The latter confirms that the morphological transformation of the surface of the 
NWs probably occurs via dissolving thermodynamically unstable constituents (arms) of the 
branched NWs accompanied by further surface recrystallization of PbSe NWs resulting in more 
stable and preferable straight morphology. It is likely that the transformation of the branched- 
into straight-shaped PbSe NWs occurs via an intermediate formation of the undulated NWs with 
the {111} facets passivated with TDPA molecules ([3] in the scheme of Figure 2.10). The 
prolonged high-temperature treatment leads to the growth of the {111} facets and smoothing of 
the edges with the formation of the NWs with straight morphology ([4] in the scheme of 
Figure 2.10). We have to note at this stage, that to state the formation of the intermediate 
undulated NWs with the {111} facets unambiguously, an additional characterization is still 
required. Along with the shape transformation, the high-temperature treatment favors the 
generation of the NWs with high crystallinity and low concentration of defects such as stacking 
faults, dislocations, and point defects. 
In conclusion, we synthesized PbSe NWs with branched and straight morphology with 
average diameters of ~20 nm and ~10 nm, respectively and the length from 5 to 20 µm. The 
organic molecules OA and TDPA, as the main surfactant and co-surfactant passivate the {111} 
facets and promote the axial growth along the <100> direction resulting in PbSe NWs with 
branched morphology. The subsequent thermal annealing of the branched PbSe NWs at 260–
270°C leads to a morphological surface transformation from branched to smooth, straight PbSe 
NWs due to the elimination of the unstable arm {100} facets. The branched PbSe NWs having 
the high surface area, are potentially interesting for thermoelectric, sensor or photovoltaic 
applications, whereas the highly crystalline straight PbSe NWs with minimal surface roughness 
can provide high carrier mobilities in high-performance FETs.  
 
2.5. Two-Component PbSe/PbS Core-Shell Colloidal Nanostructures with Tunable 
PbS Shell Morphology 
 
The wet chemistry-based routes to the synthesis of PbS and PbSe NCs described above 
result in nearly monodisperse and highly crystalline nanoscale materials which are examples of 
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single-component colloidal nanomaterials. These materials are capped with organic molecules 
such as OA, TOP or TDPA, which usually cannot efficiently passivate all surface sites. 
Moreover, the organic ligands are very labile and can be partly washed out during post-synthetic 
treatments leading to dangling bonds on the NC surface. The latter forms midgap trap states for 
photogenerated or externally injected charge carriers resulting in a deterioration of photophysical 
and electronic properties of the NCs.  
The next step towards the preparation of more robust NCs could be the passivation of the 
NC surface with an inorganic shell layer of a semiconductor with wider band gap. In this part we 
report on the synthetic procedure of two-component PbSe/PbS core-shell heterostructures 
combining two different semiconductors. Both semiconductors show an identical cubic rock-salt 
crystal structure with slight (~1.3 %) lattice mismatch suitable for the formation of coherent 
epitaxial core-shell NCs. As a result, the combination of the high crystallinity of PbSe core and 
PbS shell with the low contribution of strains induced at the interface between them can provide 
an efficient passivation of surface-dangling bonds. The passivation can substantially reduce the 
concentration of midgap trap states, enhancing the PL efficiency and carrier mobility. Moreover, 
it is known that the PbSe NCs are highly sensitive to oxygen leading to their rapid oxidation 
compared to e.g. PbS nanoparticles. Within hours, a significant blue shift and the broadening of 
the absorption features and the PL band accompanied by a QY drop were observed for PbSe 
NCs.39 The protection of PbSe core with PbS shell can lead to enhanced environmental stability. 
Furthermore, PbSe/PbS heterostructure has staggered band structure with a small valence band 
offset (0.09 eV).40 In this structure the small valence band offset between the core and the shell 
as well as small effective masses of both electron and holes suggests that hole wave functions 
can extend into the PbS shell while the electrons are efficiently confined in the PbSe core, 
reducing the electron-hole overlap (Figure 2.12). The latter can be used for the separation of 
photogenerated carriers in photovoltaic and other materials based on the hole transport.  
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Figure 2.12. The schematic representation of the band structure of PbSe/PbS core-shell NCs. The radial 
probability functions for the lowest energy electron and hole wave functions are schematically shown as 
red and blue curves, respectively. The PbSe/PbS NCs with quasi-spherical and cubic morphology are 
presented with gray PbSe core and blue PbS shell. 
 
In contrast to diverse available methods developed for the synthesis of high-quality CdSe-
based core-shell two-component nanostructures, there is a lack of information about the 
successfully synthesized PbSe/PbS core-shell NCs. Reports are mainly limited by the results of 
Brumer et al.41 and Talapin et al.42 Here we present a rapid, high-yield and scalable colloidal 
synthetic route as the modifications of the original methods to prepare PbSe/PbS core-shell NCs 
with unprecedented narrow size distribution and exceptional control over their composition. 
Moreover, the change of the reaction conditions allows for tailoring the shape of PbS shell from 
quasi-spherical to cubic with shell thicknesses of 3.2 nm (corresponds to 5 monolayers (ML)) 
and 3.6 nm (corresponds to 6ML), respectively. The edge length of the cubic PbSe/PbS NCs was 
used to estimate their size. The thick shell can provide an effective surface passivation with its 
thickness considered as optimal in the range from 2 to 6MLs.43 The definition of a monolayer 
here is the half of the lattice parameter of the bulk rock-salt cubic PbS crystal (0.5936 nm) and 
corresponds to ~0.3 nm (1ML ≈ 0.3 nm). 
The PbSe/PbS two-component nanostructures were prepared via a two-step synthesis. In 
the first step, we synthesized 5.4 nm quasi-spherical PbSe NCs with a very narrow size 
distribution without a post-synthetic size-selective precipitation. The size and concentration of 
the PbSe NCs were estimated based on the sizing curve and size-dependent molar extinction 
coefficients determined by Dai et al.37 In the next step, the PbSe NCs with known concentration 
were used as seeds for the heteronucleation and subsequent growth of a PbS inorganic phase (see 
details in Appendix A). To guarantee narrow size distribution of PbSe/PbS NCs, the initial seeds 
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should be monodisperse and the kinetics of the shell growth has to be well controlled. To balance 
the growth kinetics of PbSe/PbS core-shell NCs with defined morphology, the reactivity and 
concentration of the lead and sulfur sources, reaction temperature and reaction time should be 
optimized. The amount of Pb : S stock solution necessary to obtain the desired shell thickness 
was calculated from the ratio between the core and shell volumes and the known parameters of 
bulk PbSe and PbS.  
Lead (II) oleate was chosen as a lead precursor, whereas the choice of the sulfur precursor 
was more complicated. Particularly, there is a variety of available sulfur precursors with different 
reactivity strongly affecting the growth kinetics of the NCs. We found that less reactive TOP·S 
leads to quasi-spherical PbSe/PbS NCs, whereas more reactive elemental sulfur in ODE was 
responsible for the formation of PbSe/PbS NCs with cubic morphology. Highly reactive TMS 
easily overcame the barrier of homogeneous nucleation and generated PbS NCs. This process 
was additionally accompanied by a partial dissolution and (or) alloying of PbSe NCs with sulfur 
resulting in a blue shift of the first exciton transition in the absorbance spectrum. In turn, the 
reactivity of thioacetamide in N,N-dimethylformamide (DMF)/TOP mixture is low and cannot be 
used, at least for shelling via a single injection of lead-sulfur precursors.  
The growth temperature is also critical and was chosen as 140°C and 150°C to synthesize 
quasi-spherical and cubic PbSe/PbS NCs, respectively. The temperature should be not too high 
to prevent the PbSe seed growth and not too low to guarantee good crystallinity of the PbS shell.  
The shell growth around 5.4 nm core PbSe NCs leads to a pronounced red shift in the 
absorbance spectra from 1657 nm to 2305 nm and to 2471 nm for quasi-spherical and cubic 
PbSe/PbS NCs, respectively. This red shift may result from some delocalization or spatial 
separation of the wave functions of the PbSe core and PbS shell (Figure 2.13). The different 
magnitudes of the red shift have been observed for two types of PbSe/PbS NCs and can be 
explained by a different degree of wave function delocalization (separation) which depends on 
the diameter of the PbSe core, the thickness, and the shape of the PbS shell. The small value of 
FWHM of the first exciton transition of PbSe/PbS NCs confirms their narrow size distribution as 
a result of well-balanced growth kinetics of PbS shell. Due to the instrumental restrictions, we 
could not compare the changes in PL QY before and after the shelling of the particles but the 
increased environmental stability of core-shell NCs as visible from the absorbance spectra is the 
evidence of a good surface passivation of the core with the inorganic shell. 
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Figure 2.13. Absorbance spectra of the quasi-spherical PbSe core NCs (black) used as seeds for the 
synthesis of the core-shell structures – the quasi-spherical PbSe/PbS NCs (after 5 min reaction time) 
(red) and the cubic PbSe/PbS NCs (after 3 min reaction time) (blue). The solid and dashed lines 
correspond to the NCs before and after exposure to air for 1 day at room temperature in the dark, 
respectively. The left-hand side of the absorption spectra of the PbSe/PbS NCs shows an increased 
absorption due to the presence of the higher band gap PbS shell. The insets present the size of the NCs 
evaluated from TEM images and the values of FWHM of the lowest energy exciton transition.  
 
Figure 2.14 shows the representative TEM and HRTEM images of initial 5.4 nm PbSe 
cores, 8.5 nm quasi-spherical and ~9.0 nm cubic PbSe/PbS NCs confirming their high 
crystallinity. The PbSe/PbS NCs exhibit well-resolved lattice planes that extend straight across 
the particles without distinct boundary or an interface between the core and the shell. 
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Figure 2.14. TEM and HRTEM images of PbSe NCs and PbSe/PbS core-shell NCs: (A, B) 5.4 nm core 
PbSe NCs used as seeds for the synthesis of PbSe/PbS core/shell NCs; (C, D) PbS shell was grown at 
140°C using TOP·S as a sulfur source, (E, F) PbS shell was grown at 150°C using reactive elemental 
sulfur dispersed in ODE as a sulfur source.  
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The powder XRD patterns of the initial PbSe and PbSe/PbS NCs are presented in 
Figure 2.15. The growth of PbS shell resulted in the narrowing of all reflections and their shift to 
larger 2θ values due to smaller PbS lattice (0.5936 nm) constant compared to that of PbSe NCs 
(0.6121 nm).  
 
 
Figure 2.15. Powder XRD patterns of 5.4 nm PbSe cores (black), 8.5 nm quasi-spherical (green) and 
9.0 nm cubic PbSe/PbS NCs (blue). The stick patterns show the standard peak positions of the bulk cubic 
rock-salt PbSe (bottom red sticks) (COD#9011360) and PbS (top purple sticks) (COD#9008694). 
 
The narrowing of the reflections can be explained by a good epitaxial relation between the 
PbSe core and PbS shell and increased grain size after shelling. The lattice parameter of 
PbSe/PbS NCs, especially for the quasi-spherical system is intermediate to PbSe and PbS phases 
and is characteristic of either core-shell structure or alloyed PbSe(S) NCs. On the other hand, the 
formation of PbSe(S) alloy via substitution of selenium surface atoms with sulfur would result in 
a shift to higher energies because of the larger band gap energy of PbSe(S) compared to pure 
PbSe NCs. Moreover, the relatively low temperature of the synthesis of PbSe/PbS NCs is 
unlikely to lead to the formation of PbSe(S) alloy. For example, Talapin et al. performed a 
detailed XPS analysis of PbSe/PbS NWs during the shell growth at 180°C and confirmed the 
formation of a core-shell rather than an alloy structure.42  
In conclusion, the highly crystalline two-component PbSe/PbS core-shell NCs were 
successfully synthesized and characterized by powder XRD, (HR)TEM and absorbance 
spectroscopy. The careful control over the reaction conditions results in the precise tuning of 
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both the shell size and the morphology of the core-shell NCs while preserving a narrow size 
distribution. The PbS shell effectively passivates the surface states of the PbSe core and provides 
an enhanced environmental stability of the PbSe phase. The small valence band offset between 
PbSe and PbS constituents leads to weak localization of holes. The latter promotes the electronic 
accessibility of the PbSe/PbS two-component NCs, allowing e.g. efficient hole injection and 
transport which are important for electronic applications. The theoretical calculations made by 
Liljeroth et. al. indicate that the coupling energy between cubes is a factor of 3 higher than that 
between spheres, as the wave function overlap between neighboring nanocubes is more 
enhanced.44 This can make PbSe/PbS core-shell NCs with cubic morphology especially 
attractive. Furthermore, the method of the synthesis of the heterostructures meets “green 
chemical principles” and “user-friendly” chemical methodologies and materials.  
 
2.6. Synthesis of PbTe Nanocrystals 
 
PbTe NCs with the size of ~8.0 nm were synthesized according to the recipe proposed by 
Urban et al. (see details in Appendix A).45 The method provides a well-reproducible synthesis of 
PbTe NCs having cuboctahedral or cubic morphology with size ranging from 4 to 10 nm. The 
cubic structure is mainly terminated with Te-saturated facets, whereas cuboctahedral NCs have 
close-to-isotropic facets with either lead or tellurium terminated (111) planes or equally 
distributed both lead and tellurium constituents on the (100) planes.46,47 The latter structure is 
more suitable for the surface functionalization with the inorganic anionic ligands having 
nucleophilic nature rather than the Te-rich surfaces of cubic PbTe (see Chapter 3).  
Figure 2.16 A presents the TEM and HRTEM images of the hexagonally ordered, 
monolayer-assembled as-synthesized cuboctahedral PbTe NCs with high crystallinity. The PbTe 
NCs have an average diameter of 8.0 nm with a size distribution of ~12 %. Further post-synthetic 
size-selective precipitation can be employed to isolate nearly monodisperse fractions of organic-
capped PbTe NCs using acetone-hexane as a solvent-nonsolvent pair. EDX measurements 
indicate the composition of PbTe NCs close to stoichiometric, i.e Pb : Te = 1 : 1. The powder 
XRD technique revealed that the PbTe NCs have a well-defined face-centered cubic crystal 
structure with the typical reflexes of bulk altaite PbTe phase (Figure 2.16 B). By applying the 
Scherrer equation to the line broadening of the (200) reflex, the crystalline size was estimated as 
8.2 nm, which is consistent with the result from TEM observation.  
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Figure 2.16. (A) TEM overview image of a monolayer of PbTe NCs. The inset shows the HRTEM image 
of PbTe NCs. (B) Powder XRD diffraction data of the same PbTe NCs. The line spectra indicate the 
reflections of bulk cubic PbTe phase (COD#9011358). The absence of PbO, PbTeO3 or other oxidized 
forms on the surface of the PbTe NCs in the XRD pattern is likely associated with the amorphous nature 
of the thin oxide layers.
48
  
 
The optical absorbance spectra of PbTe NCs did not unveil the characteristic exciton 
transitions, even for nearly monodisperse fractions of PbTe NCs (not presented). The absence of 
the well-resolved transitions in the optical absorbance spectra of PbTe NCs has been reported 
previously.45,49 It was explained by both difficulties associated with preparing monodisperse 
PbTe NCs and intrinsic physical properties unique to these NCs that broaden the exciton 
transitions.49,50 Moreover, an extremely high sensitivity of the PbTe NCs to oxygen leads to the 
rapid oxidation of the NCs and broad size distribution. We found that the all-inorganic surface 
functionalization with iodide species can provide an additional environmental stabilization to 
oxygen sensitive PbTe NCs (see Chapter 3). 
 
2.7. Synthesis of Cadmium Chalcogenide Nanocrystals with Quasi-Spherical 
Morphology – CdS and CdSe 
 
Cadmium chalcogenide NCs are probably the most extensively investigated objects in the 
vast family of chemically synthesized semiconductor nanoparticles. Initiated by pioneering 
works on the nanoscale materials in the early 1980s 4–6,11, the research on the semiconductor NCs 
went through the outstanding progress after the development of a novel wet chemical synthesis 
B
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of colloidal NCs by Murray et al. in 1993.15 The method was based on a hot-injection technique 
and could be used to prepare nearly monodisperse CdS, CdSe and CdTe NCs with emission 
colour easily adjusted from blue to red. Today, diverse well-established procedures of the 
colloidal synthesis of cadmium chalcogenide NCs, especially cadmium selenide and cadmium-
selenide-based multicomponent nanostructures demonstrate a unique example of the 
combination of unprecedented morphological tunability, narrow size distribution and well-
controlled surface chemistry achievable for these NCs. Moreover, synthesis of the colloidal NCs 
is accompanied by a development of “green chemical” principles as well as further simplification 
of the existing chemical methodologies.  
In this subchapter, we present the wet chemically synthesized CdS and CdSe NCs in 
organic media via hot-injection or heating-up (non-injection) techniques, with the main focus on 
CdSe NCs as the important nanoscale material for subsequent characterization and applications. 
To increase the PL QY of organic-capped CdSe NCs, the CdSe core can be additionally 
passivated with organic (OLA molecules) or epitaxially grown inorganic CdS shell, having a 
wider band gap. The two-component core-shell CdSe/CdS structure with uniform size 
distribution possesses high values of QYs reaching ~74 % with the narrow and symmetric 
emission spectral lineshapes. We extended the variety of the CdSe NC morphology from a quasi-
spherical to plate-like shape (so-called nanoplatelets (NPLs)) resulting in a transition from three- 
to one-dimensional confinement of the charge carriers. The electron and hole wave functions in 
CdSe NPLs are strongly confined along one direction – the thickness that can be controlled with 
atomic precision. The latter makes the NPLs a colloidal equivalent of quantum wells. 
Additionally to this, the absence of inhomogeneous broadening in the assembly of the NPLs, as 
well as extended cation-rich lateral dimensions of the CdSe NPLs, make this system interesting 
for studying the effects of various organic and inorganic ligands on the optical and electronic 
properties of the NCs. 
The quasi-spherical CdS NCs with the size of 3.5 nm were prepared by a hot-injection 
technique according to the recipe given by Yu et al.51 This simple chemical method is a good 
alternative to the classical organometallic route. The former is based on using inexpensive and 
non-pyrophoric precursors such as cadmium oleate and elemental sulfur.  
The as-synthesized oleate-capped CdS NCs showed multiple electronic transitions in the 
absorbance spectra and narrow band-edge PL emission with FWHM of 113 meV (16 nm), 
indicating narrow size distribution (Figure 2.17 A). The TEM images of these CdS NCs are 
presented in Figure 2.17 B. The well-separated crystalline NCs have quasi-spherical morphology 
and 3.5 nm size, in accordance with the values calculated based on the sizing curve determined 
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by Yu et al.52 The elemental ratio in the CdS NCs was unveiled as Cd : S = 1.6 : 1 by EDX 
spectrometry confirming Cd-terminated surface of the NCs.  
 
 
Figure 2.17. (A) Absorbance and PL spectra of 3.5 nm monodisperse CdS NCs. The value of the PL 
FWHM (∆) is also presented. (B, C) TEM images of the same CdS NCs.  
 
Monodisperse CdSe NCs with a wurtzite crystal structure were synthesized via a hot-
injection technique according to the recipe proposed by Carbone et al.53 or its modification 
performed by Panda et al.54 The first method is well suitable to generate high crystalline CdSe 
NCs in the size range of ~2–4 nm, whereas the method of Panda et al. yields CdSe NCs with 
diameters as big as 4–5 nm in one pot (see details in Appendix A). Both methods are based on 
the use of the easy-to-handle standard reagents and do not require the extremely reactive and 
toxic pyrophoric organometallic precursors that were initially used for CdSe syntheses.23,55 For 
example, Panda’s approach is based on a rapid injection of selenium precursor (TOP·Se) into a 
hot reaction solution of cadmium oleate in ODE–TOPO–TOP mixture with a subsequent 
temperature drop. The method provides a temporal separation of the nucleation event from the 
growth of the nuclei which is required for narrow size distribution. The kinetically balanced 
nucleation and growth of monodisperse CdSe NCs lead to the NCs with the size of up to 5 nm 
and very reproducible growth kinetics during the reaction time of 20–25 min. The typical room 
temperature absorbance and emission spectra of as-synthesized 4.4 nm CdSe NCs are presented 
in Figure 2.18 A. The small value of the FWHM calculated from the emission spectrum as well 
as the multiple exciton absorption peaks confirm the narrow size distribution of the CdSe NCs. 
The absorbance and emission spectra of 2.3 nm CdSe NCs synthesized accordingly to Carbone 
et al. are presented in Figure 2.18 A as well. The PL QY of these CdSe NCs does not exceed 5–
12 % for as-prepared nanoparticles. The room temperature QY can be improved from 7 to 26 % 
by the additional passivation of the surface of the CdSe NCs with organic OLA molecules 
300 350 400 450 500 550 600
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(Figure 2.18 B). The strong adhering of the amines to the NC surface can result in this 
enhancement of the band-edge PL.23 As one can see, the organic shell cannot provide the 
efficient surface passivation of the dangling bonds acting as nonradiative recombination sites. 
The more robust and efficient passivation of the uncoordinated surface states and dangling bonds 
can be realized with inorganic CdS shelling (see below). 
 
 
Figure 2.18. (A) Absorbance (solid) and emission (dashed) spectra of 2.3 nm and 4.4 nm CdSe NCs with 
wurtzite hexagonal crystal structure synthesized according to the Carbone method (black) and the Panda 
method (red), respectively. The FWHM (∆) was calculated from the emission spectra.(B) The spectra of 
4.4 nm CdSe NCs before (red) and after (black) addition of an excess of OLA. (C) Comparative 
absorbance and emission spectra of 4.0 nm CdSe NCs with zinc-blende cubic (black) and wurtzite 
hexagonal (red) crystal structures. 
 
Monodisperse CdSe NCs with a zinc-blende crystal structure were prepared using the non-
injection method developed by the Cao group.56,57 The method is based on a heating-up 
technique where the separation of the nucleation and growth of the CdSe NCs can be achieved 
by the precise control over the chemical reactivity of the precursors in one reaction system. It 
was found that CdSe NCs with the size of up to 4.0 nm and low polydispersity (σ ~ 5–6 %) can 
be generated when cadmium myristate and SeO2 or elemental Se were chosen as cadmium and 
selenium precursors, respectively. The precursors started to react at low temperature (~230–
235°C) in noncoordinating solvent – ODE. After 50 min the growth rate of the CdSe NCs 
decreased gradually and almost terminated when the particle diameter reached ~4.0 nm (see 
details in Appendix A). Interestingly, that narrow size distribution of 4.0 nm CdSe NCs is 
preserved after at least 3 hrs of the reaction. The absorbance and PL spectra of the CdSe NCs are 
presented in Figure 2.18 C. As one can see, the CdSe NCs with zinc-blende crystal structure 
have different optical absorbance features compared to wurtzite CdSe analogue with the same 
sizes. These differences in the peak positions corresponding to higher energy exciton transitions 
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originate from the different electronic band structure at the center of the Brillouin zone of the 
cubic (zinc-blende structure) and hexagonal (wurtzite) crystal structures.57  
4.0 nm CdSe NCs with zinc-blende crystal structure exhibited slightly lower values of PL 
QY than the same size CdSe NCs with wurtzite structure: 5 % vs 9 %, respectively. It is likely 
that the higher reaction temperature (275–300°C) used in the synthesis of the wurtzite CdSe NCs 
compared to the zinc-blende CdSe NCs (230–235°C) is more favorable for the formation of 
well-crystalline structures with less concentration of defects and dislocations both inside of the 
NCs and on their surface. As a result, CdSe NCs with wurtzite crystal phase showed higher QYs. 
TEM images of 4.4 nm and 4.0 nm CdSe NCs with wurtzite and zinc-blende crystal 
structures, respectively show nearly spherical crystalline particles with narrow size distribution 
self-organized in 2D hexagonal superstructures (Figures 2.19–2.20). EDX measurements 
confirmed a Cd-terminated surface in these CdSe NCs, e.g. Cd : Se = 1.3 : 1 for 4.4 nm CdSe 
particles.  
 
 
Figure 2.19. (A, B) TEM images of 4.4 nm CdSe NCs with wurtzite hexagonal crystal structure. 
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Figure 2.20. (A) TEM and (B) HRTEM images of 4.0 nm CdSe NCs with zinc-blende cubic crystal 
structure synthesized via a heating-up technique.  
 
In summary, the highly crystalline CdSe NCs with wurtzite and zinc-blende crystal 
structures in the size range of 2–5 nm as well as CdS NCs were synthesized in one pot via hot-
injection or heating-up techniques. The well-reproducible growth kinetics of the established 
synthetic approaches resulted in CdSe NCs with low polydispersity. The PL QY of as-
synthesized CdSe NCs does not exceed 5–12 %. The slight increase in the QY up to 26 % was 
observed after addition of OLA as a co-surfactant.  
 
2.8. CdSe/CdS Core-Shell Nanocrystals* 
 
The synthetic routes described above yield monodisperse luminescent CdSe NCs capped 
with organic molecules. These NCs exhibit narrow size distribution and good crystallinity. The 
organic capping molecules adhering to the NC surface provide colloidal stability and surface 
passivation of the NCs. However, the organic ligands are very labile and stay in a dynamic 
equilibrium with the surrounding medium. As the result, the luminescent QY is strongly 
dependent on the NC surroundings and usually shows a tendency to drop after a post-preparative 
washing of the NCs or in time due to NC surface oxidation leading to low QY values.  
The predominant strategy for the improvement of the PL QY and photochemical stability 
of the NCs is based on the epitaxial growth of an inorganic shell having a larger band gap than 
the core material. The outer inorganic shell provides the efficient separation of both electron and 
hole wave functions from the dangling bonds or excess charges at the particle surface resulting in 
high-quality luminescent materials. 
To date, CdSe-based multicomponent materials are probably the most successful examples 
                                                           
*
 The synthesis of CdSe/CdS NCs was kindly performed by M. Sc. Chris Guhrenz (TU Dresden) 
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of photostable and luminescent NCs with close to unity PL QYs such as CdSe/CdS, CdSe/ZnS, 
CdSe/CdS/ZnS, etc.58–62 There is a special interest in CdSe/CdS two-component core-shell 
system. The epitaxial growth of a uniform CdS shell around the CdSe core can provide high QY 
values. In addition to the high QYs of CdSe/CdS NCs, the experimental results indicate that the 
electron can freely move between the CdSe and CdS phases due to a small conduction band 
offset (0.29 eV), whereas the hole is confined to the CdSe core making CdSe/CdS NCs 
especially attractive for optoelectronic devices based on electron transport.43,62 
In analogy with the synthetic part of PbSe/PbS two-component system, the synthesis of 
CdSe/CdS core-shell NCs with different shell thicknesses was performed via a two-step 
technique. In the first step, 3.4 nm quasi-spherical monodisperse CdSe NCs with wurtzite crystal 
structure were synthesized following the protocol of Carbone et al.53 The concentration of the 
CdSe NCs was estimated according to the data published by Jasieniak et al.63 In the next step, 
the CdSe NCs with known concentration were used as seeds for heteronucleation and further 
growth of a CdS inorganic phase. The epitaxial growth of the CdS shells with thicknesses of 
2ML, 4ML, and 6ML (further referred to as CdSe/CdS-2ML, CdSe/CdS-4ML, and CdSe/CdS-
6ML) followed the combined methods of Chen et. al.62 and Boldt et. al.64 (see details in 
Appendix A). One monolayer is considered as the distance between consecutive planes along the 
main <002> axis in the bulk wurtzite CdS (~0.35 nm). This method provides a controllable and 
relatively slow CdS epitaxial shell formation at high temperature T = 310°C, promoting a low 
concentration of defects at the interfaces, within the CdS shell, and on its surface.  
The absorbance and PL spectra of the CdSe core and CdSe/CdS core-shell NCs with 
different CdS shell thicknesses are shown in Figure 2.21.  
 
 
Figure 2.21. Absorbance (black solid) and PL (red dashed) spectra of (A) the initial 3.4 nm CdSe core 
NCs used as seeds for the syntheses of two-component CdSe/CdS core-shell NCs with different CdS shell 
thicknesses: 2ML (B), 4ML (C), 6ML (D). The increased absorption cross-section at energies higher than 
the CdS band gap (~513 nm) is consistent with the formation of a CdS shell. The PL FWHM (∆) and PL 
QYs are additionally presented.  
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As the thickness of the CdS shell increased, the drastic improvement of PL QY up to 74 % 
for CdSe/CdS-6ML was observed accompanied by the shifts of both the first absorbance 
maximum and the PL band to lower energy. The red shifts reflect the weak exciton confinement 
generated by the CdS shell which is more pronounced for thicker shells. The narrow and 
symmetric PL peaks and the absorbance spectra with the well-resolved transitions for all 
CdSe/CdS NCs indicate a narrow size distribution throughout the shell-growth process. The PL 
peak FWHM slightly increases from 72 meV for core CdSe NCs to 83 meV, 87 meV and 
82 meV for CdSe/CdS-2ML, CdSe/CdS-4ML, CdSe/CdS-6ML, respectively. The thickening of 
the CdS shell from 2ML to 6ML led to an improved surface passivation of the surface dangling 
bonds and uncoordinated sites resulting in an increased PL QY from 36 % to 74 %, respectively.  
The particles appear quasi-spherical and single-crystalline in TEM images (Figure 2.22). 
The CdSe/CdS NCs with narrow size distribution tended to assemble in long-range-ordered 2D 
films on the TEM grids. We observed a good correlation of the measured particle sizes from 
TEM images with the expected shell thicknesses.  
 
 
Figure 2.22. Overview TEM and HRTEM images of 3.4 nm core CdSe NCs (A, E) and CdSe/CdS core-
shell NCs prepared from these cores with different thicknesses of CdS shell: 1.5 nm for CdSe/CdS-2ML 
(B, F), 2.6 nm for CdSe/CdS-4ML (C, G), 4.1 nm for CdSe/CdS-6ML (D, F). 
 
In conclusion, the passivation of the surface of core CdSe NCs with epitaxially grown 
inorganic CdS shell resulted in high PL QY, reaching 74 % for 6ML CdS shell. The weak 
localization of the electrons promotes the electronic transport and accessibility of highly 
luminescent NCs, whereas superior luminescent properties of the CdSe/CdS two-component 
nanostructures make them promising for optoelectronic applications. 
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2.9. Synthesis of Two-Dimensional CdSe Nanocrystals – CdSe Nanoplatelets 
 
The synthesis of zinc-blende CdSe NPLs was performed according to the well-established 
procedure.65,66 The variation of the reaction conditions allows one to tune the thickness and 
lateral extension of the CdSe NPLs. Particularly, the lateral extension perpendicular to <001> 
direction of the NPLs was triggered by an acetate salt. In our work, we synthesized anisotropic 
CdSe NPLs with lateral dimensions of ~17 nm and ~14 nm as observed in TEM images 
(Figure 2.23 A, B). The thickness of the CdSe NPLs was 1.2 nm, equivalent to 4 complete MLs 
of CdSe with an additional layer of cadmium atoms so that both sides of the NPLs are Cd-
terminated. The solution of the CdSe NPLs showed narrow peaks in the absorbance and PL 
spectra with an emission maximum at 512 nm (2.42 eV) and a FWHM of 8 nm (38 meV), 
accompanied by a small Stokes shift (Figure 2.23 C). Two well-resolved transitions in the 
absorbance spectrum correspond to heavy-hole/electron transition (the lowest energy) and light-
hole/electron transition (the highest energy).67 Despite relatively large lateral size variation 
observed for the CdSe NPLs, the PL FWHM is very narrow confirming that optical properties of 
the CdSe NPLs are controlled solely by the NPL thickness. 
The concentrated colloidal solution of CdSe NPLs was not stable leading to the formation 
of fluffy precipitate within several days. The organic capping layer probably does not provide an 
adequate stabilization of large NPLs (>10 nm) due to weak steric repulsion. One can see from 
TEM images that the CdSe NPLs mainly lie flat on the substrate, and in some areas aggregates 
of the platelets formed. To tackle the problem, stabilization of these CdSe NPLs with inorganic 
ions can lead to a more efficient and stronger long-range electrostatic repulsion compared to the 
short-range steric interactions (see Chapter 3).  
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Figure 2.23. (A, B) TEM images of the CdSe NPLs with 1.2 nm thickness viewed from the top. (C) The 
absorbance and emission spectra of the solution of the CdSe NPLs in hexane. 
 
2.10. Synthesis of ZnO Nanocrystals with Quasi-Spherical and Rod-Like Morphology 
 
The intensive studies of II-VI and IV-VI semiconductor NCs described above were mainly 
coupled to the development of sophisticated preparation routes via hot-injection or heating-up 
techniques resulted in the most modular and versatile nanoscale materials due to their 
unprecedentedly narrow size distribution and morphological tuneability as well as their colloidal 
state. Nevertheless, today a significant attention is drawn to a further development of not only 
environmentally friendly technologies of the synthesis of colloidal NCs but to a further 
expansion of the family of colloidal NCs low-toxic and earth-abundant materials. ZnO 
semiconductor nanostructures are one of the prominent examples of such kind of nanomaterials. 
Zinc oxide is one of few oxides that show quantum confinement effects in an experimentally 
accessible size range (Bohr radius ~3 nm) with intrinsic UV band-edge emission.68,69 Despite all 
the progress in the colloidal synthesis, nearly monodisperse and shape-controlled ZnO NCs with 
pure band gap emission are still difficult to obtain.  
In this part, we discuss the synthesis of ZnO NCs with quasi-spherical and rod-like 
morphology according to the methods developed by Liang et al.70 and Sun et al.71, respectively. 
All methods are based on sol-gel technique via formation of hydroxylated zinc species which 
condense to nucleate ZnO NCs. The method of Sun et al. yielded highly crystalline ZnO NCs 
with rod-like shape (NRs) at low temperature (~60°C) with a length in the range of 20–70 nm 
and a thickness of ~10 nm. Similar to anisotropic PbSe NWs, the formation of NRs takes place 
through the oriented attachment of wurtzite ZnO units preferentially along main axis of 
hexagonal crystal lattice, i.e. along <002> direction. The ZnO NRs are capped with short 
hydroxide, acetate ions, and N-butylamine molecules that make them directly processable from 
A
bs
or
ba
nc
e,
 P
L
 i
nt
en
si
ty
; 
a.
u.
Synthesis of Colloidal Nanostructures – Nanoparticular Building Units 
 
41 
 
the solution without any post-synthetic surface modifications. The absorbance and emission 
spectra of the ZnO NRs are presented in Figure 2.24 A (red). The PL QY of this solution was 
negligible and showed only a broad trap-emission band (400–700 nm). This trap-emission 
originates from the recombination of trapped holes with free electrons of the conduction band of 
the ZnO semiconductor NRs and is found to be characteristic for low-temperature synthesized 
ZnO NCs due to insufficient passivation of surface states with the ionic species and amine 
molecules.69 Contrary, the high temperature synthesis (250°C) of quasi-spherical ZnO 
nanoparticles in the presence of stearate ions as capping ligands resulted in a suppression of the 
trap emission and in an enhancement of the band-edge emission. The PL QY of the intrinsic 
emission of quasi-spherical ZnO NCs is still low and needs to be improved, for example, via 
inorganic shelling or photochemical etching leading to the elimination of oxygen vacancies.72 
The UV-vis absorbance and fluorescence emission spectra of the ZnO NCs with quasi-spherical 
shape are presented in Figure 2.24 A (blue). The quasi-spherical ZnO NCs possess the resolved 
exciton resonances at ~350 nm which corresponds to ~5 nm size.68  
 
 
Figure 2.24. (A) Absorbance (solid) and PL spectra (dashed) of the ZnO with quasi-spherical (blue) and 
rod-like (red) morphology. (B) Powder X-ray diffractograms of the same quasi-spherical ZnO NCs (blue) 
and ZnO NRs (red). The stick patterns show the standard peak positions of bulk wurtzite ZnO (bottom 
purple sticks) (COD#9008877).  
 
Powder XRD analysis of ZnO NCs revealed the hexagonal crystal structure with typical 
reflexes of zincite (Figure 2.24 B). The enhanced narrow reflection from the (002) planes 
(2θ = 34.5°) confirms the preferable growth along <002>. The as-synthesized ZnO NCs are 
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uniform and with good crystallinity visible from TEM images (Figure 2.25 A-B). The ZnO NCs 
appear quasi-spherical, whereas the single-crystalline ZnO NRs are elongated along the 
hexagonal <002> axis.  
 
 
Figure 2.25. TEM images of the ZnO NCs with different morphology – quasi-spherical (A) and rod-
like (B).  
 
2.11. Conclusions 
 
Highly crystalline nanoparticular building blocks such as single-component PbS, PbSe, 
CdSe, CdS, ZnO and two-component PbSe/PbS, CdSe/CdS NCs with compositional variety and 
uniform complex morphology were successfully synthesized in the presence of organic 
molecules. The synthesis of high-quality organic-stabilized NCs is the first prerequisite for their 
further studies and use in various applications. The ensembles of these colloidal semiconductor 
NCs with low polydispersity were characterized by absorption and luminescence spectroscopy, 
powder XRD and (HR)TEM techniques. The modification of conventional synthetic routes to 
quasi-spherical PbS and PbSe NCs allows for the exceptional control of their growth kinetics 
resulting in significantly reduced size broadening (σ ~ 3–4 %). The surface passivation of the 
quasi-spherical PbSe NCs with epitaxially grown PbS inorganic shell led to an increased 
environmental stability of the oxygen-sensitive PbSe core, whereas inorganic shelling of the core 
CdSe NCs with CdS resulted in enhanced fluorescent QY reaching 74 % for 6ML thickness of 
the CdS shell. Moreover, the weak localization of either holes or electrons in these two-
component PbSe/PbS and CdSe/CdS nanosystems, respectively, makes them especially attractive 
for optoelectronic applications. By tuning the growth kinetics of different crystal facets, we 
prepared nanomaterials with a higher level of morphological complexity such as PbSe NWs and 
CdSe NPLs that are examples of one- and two-dimensional nanoscale materials, respectively. 
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The shape of PbSe NWs can be further controlled via proper annealing resulting in a 
transformation of branched NWs into straight ones. The next steps were directed to synthesize 
low-toxic semiconductor materials such as ZnO NCs with quasi-spherical and rod-like 
morphology.  
It is important to outline that most of the synthetic methods presented here are based on the 
use of the easy-to-handle standard reagents and do not require pyrophoric organometallic 
precursors. This complies with both “green chemical” principles and “user-friendly” 
methodologies and materials. 
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Chapter 3 
 
 
 
Surface Design of Colloidal Nanostructures with Inorganic and 
Hybrid Capping Ligands 
 
 
Successful surface modification of diverse single- and two-component NCs such as PbS, PbSe, 
PbTe, CdS, CdSe, ZnO, PbSe/PbS, and CdSe/CdS core-shell nanoscale building units with 
halide, pseudohalide and metal-halide-complex inorganic ligands is presented. These new 
inorganic ligands introduced here show a high affinity to the metal-terminated NC surfaces and 
easily form the stable colloidal dispersions of the corresponding NCs in polar solvents, 
regardless of the size, composition and complex morphology of the NCs. These robust and easy-
to-handle inorganic ligands expanded the versatility of the all-inorganic colloidal NCs. All 
nanoscale building blocks preserved the electronic structure of the original quantum-confined 
semiconductors, their narrow size distribution and are highly attractive for further applications in 
the form of all-inorganic macroscopic assemblies. To perform the surface modification of the 
NCs with the inorganic ligands, a novel approach to ligand exchange enabling fast and efficient 
replacement of the pristine molecules was developed. The latter was confirmed by a suite of 
spectroscopic, scattering and imaging techniques. The special attention was drawn to outline the 
key aspects of inorganic ligation of the NCs in the solution phase.  
Moreover, a new promising concept allowing for tuning colloidal solubility and self-organization 
of the all-inorganic-capped NCs was demonstrated. It was found that additional surface 
functionalization of these NCs with N-butylamine molecules resulted in the formation of hybrid 
organic-inorganic capping around the NCs. This new capping enabled the solubilization of the 
inorganic-capped NCs in various chlorinated solvents and improved the ability to form ordered 
NC assemblies.  
These all-inorganic- and hybrid-capped NCs enormously extend the application-targeted 
opportunities of the NC-based assemblies. 
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3.1. Introduction 
 
In the previous chapter, we discussed the crucial role that surface organic ligands play in 
the synthesis of diverse monodisperse colloidal NCs enabling to tune their size and morphology. 
These surface ligands, also known as surfactants or stabilizers strongly control nucleation and 
growth dynamics of NCs as well as provide chemical and colloidal stability of NCs in nonpolar 
solvents. In this chapter, we dwell on the role of the surface ligands in determining and 
controlling the properties of NCs for subsequent electronic and optoelectronic applications.  
The common feature which shares all nanoscale materials is their large surface-to-volume 
ratio. This makes the NC surface one of the key parameters that has a dramatic influence on the 
optical, electronic and catalytic properties of both individual NCs and NC-based assemblies. In 
turn, the capping ligands as essential components binding to the NC surface strongly define the 
surface chemistry of the NCs. The ligands can saturate the surface dangling bonds, contribute to 
the assembling of the NC units into ordered superlattices and impart the stability and solubility to 
NCs in various solvents. They determine the interparticle interactions and the spacing between 
neighboring NCs. The latter has a significant impact on the electronic properties of NC solids. 
Keeping in mind that actual active elements of the most devices will be not individual NCs but 
their micro- or macroscopic assemblies, the collective behavior of the NCs is of high importance 
for practical applications of chemically synthesized NCs. The property of the NC assemblies 
depends not only on the characteristics of the NCs but their interparticle interactions, ordering of 
the NCs, packing density and symmetry which have to be considered in designing materials from 
NC building units.  
The as-synthesized NCs are stabilized with various hydrocarbon ligands that are typically 
amphiphilic molecules such as amines, carboxylic acids, thiols, alkylphosphines, etc. They 
consist of polar anchoring headgroup(s) and nonpolar aliphatic tail(s). The aliphatic part of the 
ligand provides steric stabilization of the NCs in nonpolar solvents, whereas the anchoring 
headgroups directly tether to the NC surface and passivate the surface states. We have to admit 
that our knowledge of the binding species at the nanoparticle-ligand interface is far from being 
completed. For example, Zherebetskyy et al. revealed recently, that “simple” binding of oleic 
acid molecules to the PbS NC surface can be nontrivial involving at least three different binding 
motifs.73 The density functional theory calculations indicate that OA binds to the {100} PbS 
facets as a neutral molecule. On the other hand, the {111} facets of PbS NCs are passivated by 
both oleate and compact hydroxide ions (OH-). The studies of the surface chemistry of the NCs 
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and the nanoscale interfaces are drawn much attention today and will provide a better 
understanding of the individual properties of NCs and their collective behavior in assemblies.  
The hydrocarbon capping ligands which are well-optimized for NC syntheses can provide 
a moderate NC surface passivation and make NCs compatible with organic solvents and 
polymers. However, they create strong insulating barriers between the NCs, which hinder the 
charge transport and are also responsible for an inefficient injection and extraction of charge 
carriers. This excludes a direct integration of chemically synthesized NCs in electronic circuits. 
To overcome these limitations and expand the scope of applications of the NCs, the “native” 
organic ligands have to be removed or replaced with new ligands.  
The complete removal of the organic surfactants has shown to be very complicated. The 
high-temperature annealing leads to recrystallization of the NCs into bulk materials, which are 
contaminated with carbon-containing species due to partial ligand pyrolysis.74 The chemical 
removal of the ligands from the surface of the NCs can result in multiple surface dangling bonds 
and midgap charge trapping states, and is often accompanied by undesirable chemical reactions 
between the NCs and stripping agents.75,76 The strategy of post-synthetic replacement of 
inherited bulky organic molecules with application-targeted ligands seems to be very promising 
and enables to extend the versatility of NC materials.  
There are two strategies of post-preparative surface modification of the original surface 
molecules with desired ligands – solution-phase and solid-state ligand exchange.77 The solution-
phase ligand exchange entails replacing of the original molecules with new ligands capable of 
preserving the solution dispersibility of the NCs. This type of the ligand replacement is 
exceptionally interesting and enables the formation of NC solids using a single-processing step 
and avoiding shrinkage and cracking of thin films. A typical limitation of solution-phase 
exchange of larger molecules with smaller ligands is the drastic decrease of colloidal stability 
leading to NC aggregation. To overcome this issue, the ligand exchange can be applied not to the 
solution of the NCs but to a film or superlattice of the NCs. This approach, known as solid-state 
ligand exchange involves first assembling of the NCs into a solid and then treating the resulting 
NC film with solution containing new ligands. Typical examples include short-chain molecules 
such as hydrazine,30 simple amines,78 alkenedithiols31,79 or 
alkaneditiolstetrathiafulvalenetetracarboxylate,80 and methoxide ions.81 The different organic 
ligands used for the stabilization of the NCs are presented in Table 3.1. 
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Table 3.1. Different types of organic surface ligands used for capping of the NCs  
Surface ligands Examples 
Interparticle 
distance, 
nm 
Characteristics 
Organic 
molecules with 
one anchoring 
head group and 
a long 
hydrocarbon tail 
CH3-(CH2)n1-R; 
{CH3-(CH2)6-CH2}3PO; 
{CH3-(CH2)n2-CH2}3P; 
R = COOH; NH2; SH; 
n1, n2 = 8–18 
>1.5 
 Used for the synthesis of 
colloidal NCs; 
 Provide chemical and colloidal 
stability in nonpolar solvents; 
 Form highly insulating NC 
films (σ ~ 10-13–10-9 S/cm). 
Organic 
molecules with 
one anchoring 
head group and 
a short 
hydrocarbon 
(including 
cyclic) tail 
CH3-(CH2)n1-R; 
C5H5N; 
R1-(C6H4)-R; 
R = COOH; NH2; SH; 
R1 = alkyl group; 
n1 = 2–8 
0.3–1 
 Ligand exchange via solution-
phase or solid-state 
approaches;15,28,32 
 Decrease colloidal stability; 
 Better electronic characteristics 
with conductivities of up to  
10-1 S/cm in solids of gold 
NCs.82 
Cross-linking 
organic 
molecules with 
more than one 
anchoring head 
groups 
H2N-NH2; 
R-C6H4-R; 
R-(CH2)n1-R; 
R = COOH; NH2; SH; 
n1 = 2–8 
0.3–1 
 Ligand exchange via solid-state 
approach;31,78,79 
 Decrease colloidal stability; 
 Unstable electronic properties 
over time; 
 µsat ~ 2 cm
2/(V·s) in solids of 
PbSe NCs treated with N2H4.
30 
Organic ions 
Methoxide; 
Tetra-
thiafulvalenetetracar-
boxylate ions 
<1.0 
 Ligand exchange via solid-state 
approach;80 
 Low stability of electronic 
properties; 
 µsat ~ 0.3 cm
2/(V·s) for 
PbSe(MeO-)-based FET.81 
 
The enormous success in the surface modification of colloidal NCs dates back to the 
results of ligand exchange of organic molecules with inorganic ions – molecular metal 
chalcogenide complexes in hydrazine published by Kovalenko et al. in 2009.83 In contrast to the 
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previously presented data on the ligand exchange that were based on various organic molecules, 
the surface modification of the NCs with the inorganic species was the first example of all-
inorganic ligation of nanomaterials. The inorganic ligands quantitatively replaced the pristine 
molecules and formed a stable dispersion. The advantage of the inorganic surface stabilization is 
its better stability compared to easily volatile and prone to oxidation small molecules, leading to 
the deterioration of the electronic properties of solid-state devices. The concept of the inorganic 
surface modification of NCs has gone beyond the molecular metal chalcogenide complexes 
resulting in extending the inorganic surfactants to simple chalcogenides84,85 and 
pseudohalides,77,86 more complex halogenidometallate87 and chalcogenidometallate composition-
matched molecular “solders”88,89 via solution-phase or solid-state ligand exchange approaches. 
Table 3.2 summarizes the inorganic species used for capping of the NCs.  
 
Table 3.2. Different types of inorganic surface ligands used for capping of the NCs  
Surface ligands Examples 
Interparticle 
distance, 
nm 
Characteristics 
Molecular metal 
chalcogenide 
complexes 
Sn2Se4
2-; 
In2Se4
2-; 
HgSe2
2- 
 
>0.5 
 Stable dispersion in hydrazine;83 
 Hydrophilic surface;90,91 
 High conductivity of ~200 S/cm in Au 
(Sn2S6
4-) NC solids; 
 µlin of CdSe (In2S4
2-)-based TFT 
~16 cm2/(V·s);92 
 Photodetectors on CdSe/CdS (In2S4
2-) 
with normalized detectivity of 1013. 
Chalcogenides 
S2-; Se2-; HS-; 
HTe2- 
0.1–0.3 
 Stable dispersion of NCs in polar media 
(FA, MFA, DMSO);84,85 
 µlin of CdSe (S
2-)-based TFT 
~1.9 cm2/(V·s).93 
Pseudohalides SCN-; CN- 0.2–0.4 
 Ligand exchange via solution-phase or 
solid-state approaches; 
 µlin of PbTe (SCN
-)-based TFT 
~2.8 cm2/(V·s);77 
 µlin of InAs (N3
-) ~ 0.16 cm2/(V·s).86 
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Table 3.2. Different types of inorganic surface ligands used for capping of the NCs (Continued) 
Surface ligands Examples 
Interparticle 
distance, 
nm 
Characteristics 
Halides and 
metal-halide-
complexes 
I-; Br-; Cl-; 
Pb-Cl-
complex; 
Zn-Cl-
complex 
0.1–0.8 
 Ligand exchange via solution-phase or 
solid-state approaches; 
 Air stable solar cells based on PbS (I-) 
with PCE as high as 8 %;94–97 
 QY of CdSe/CdS (Zn-Cl-complex) or 
CdSe/CdS (CdBr3
-) solutions ~50–65 %;87 
 QY of PbS (MAPb-I-complex) 
solution = 25 %.87 
Oxoanions and 
poly-
oxometallates 
PO4
3-; 
OH; 
[P2Mo18O62]
6- 
0.3–1.5 
 Stable dispersion;98 
 Surface functionalization of the NCs for 
catalysis. 
Chalcogenidomet
allate 
composition-
matched 
molecular 
“solders” 
Cd2Se3
2-, 
PbTe2
2-; 
PbSe2
2- 
>0.5 
 Stable dispersion in hydrazine;88 
 Record mobility in solution-processed 
CdSe (Cd2Se3
2-) -based FET 
~300 cm2/(V·s).89 
Metal-free 
ligands 
NOBF4, 
HBF4; HPF6; 
Me3O
+BF4
- 
>0.1 
 Nearly ligand-free charged NCs are stable 
in DMF, DMSO;75,84,99 
 Used for further surface functionalization. 
 
Since the exchange of the NC surface ligands is reminiscent of substitution reactions in 
coordination chemistry, it is convenient to use the classification of covalent bonds, originally 
developed by Green et al.100 for metal-coordination complexes and further adapted to NCs by the 
Owen group.101,102 According to the proposed classification, there are three classes of ligands 
that can be distinguished based on the number of electrons involved and on the identity of the 
electron donor and acceptor groups – L-, X- and Z-type ligands. L-type ligands (Lewis bases) are 
neutral two-electron donors with a lone electron pair that datively coordinates surface atoms. X-
type ligands are anionic one-electron donors, Z-type ligands (Lewis acids) are two-electron 
acceptors. This classification is an opportune framework to understand and summarize the 
complex ligand-NC interactions. Thus it will be used in this work.  
In this chapter, the surface modification of various single- and two-component NCs – PbS, 
PbSe, PbTe, CdS, CdSe, ZnO, PbSe/PbS and CdSe/CdS core-shell NCs with new and simple 
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inorganic ligands such as halides (I-, Br-, Cl-, F-) and pseudohalide (N3
-) is presented. These 
cheap, robust and easy-to-handle inorganic ligands expand the versatility of the all-inorganic 
colloidal NCs and potential application areas of assemblies based on these NCs. Moreover, we 
studied a new important class of complex metal-halide ligands (also known as 
halogenidometallates or halometallates), recently introduced by Dirin et al.87 as efficient capping 
for semiconductor and metal NCs. The huge diversity of compounds that halides form with 
metals enables to extend the surface chemistry of the NCs and their application-targeted 
engineering. In this work, we focused on three metal halides such as InCl3, GaI3, and ZnI2. These 
salts are sources of halogenidometallate ligands, identified as In-Cl-, Ga-I-, Zn-I complex ligands 
that easily stabilize cadmium chalcogenide NCs. The influence of the metal constituents of the 
inorganic ligands on the optical and electronic properties of NCs and NC assemblies as well as a 
comparison with those of metal-free halido-capped NCs are described in detail in the current 
chapter and in Chapter 4.  
To perform surface modification of the NCs with the inorganic ligands, we introduced the 
modified technique of the solution-phase ligand exchange based on a mild flocculation of the NC 
dispersion. In contrast to the original method of solution-phase ligand exchange via phase 
transfer between two immiscible solvents,83 the modified method provides fast substitutions of 
the pristine molecules with the new ligands. 
We demonstrated,103 almost at the same time with the Talapin group86, that simple I-, Br-, 
Cl-, N3
- can provide not only an efficient ligand exchange but also form stable colloidal solutions 
in environmentally friendly polar solvents in a broad concentration range via electrostatic 
repulsion which is essential for efficient solution processing. It is necessary to mention, although 
the ligand exchange with halide ions was recently studied by many other groups, their results 
were based mainly on the solid-state ligand exchange approach.94–97,104 This type of ligand 
exchange hardly enables a simultaneous control over the efficiency of the ligand replacement, a 
specified inorganic ligand incorporation, the type of the doping and the charge carrier density. In 
its own turn, the ligand exchange performed in solution can potentially satisfy all mentioned 
characteristics. The latter will be presented in Chapter 4. 
We discuss the criteria that affect the kinetics and possible mechanism of the ligand 
exchange reactions at the NC surface as well as outline the conditions that facilitate the surface 
modification of the NCs while preserving colloidal stability of the NCs. Additionally, we 
emphasize on the drawbacks which appear after the surface functionalization of the NCs with 
all-inorganic ligands such as a large concentration of surface trap states, colloidal stability in few 
highly polar solvents only and a lack of long-range ordering and regimentation between 
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individual building units in the NC-based assembly. These issues are highly important to be 
addressed for solution-processed NCs. It is expected that a combination of long-range order and 
low concentration of defects with a short spacing between the NCs can lead to the formation of 
collective electronic states with enhanced electronic coupling in NC arrays.74  
We introduced one promising concept that is likely to tackle above-mentioned issues and 
which is currently under investigation. We found that additional organic passivation of the 
inorganic-capped CdSe NCs with small N-butylamine molecules can facilitate their ordered 
assembly from diverse chlorinated solvents, whereas a mild heat treatment can easily remove the 
volatile organic species from the NC surface mainly preserving the NC ordering. This strategy 
expands the sparse results of resetting of a long-range ordering, disturbed for all-inorganic NCs. 
For example, Kovalenko et al. replaced counter cations (Na+ or NH4
+) with hydrophobic tertiary 
alkylammonium ions like didodecyldimethylammonium, forming an ion pair capping layer.105 
This bulky cationic surfactant creates an additional insulating barrier between the NCs which 
unlikely can be easily removed by heat treatment. On the other hand, Bodnarchuk et al. used 
host-guest coordination of counter cations (K+ and Na+) of metal-chalcodenido-capped NCs with 
macrocyclic ethers (crown ethers and cryptands), enabling the formation of NC superlattices 
with long-range ordering.106 The authors stated that after NC ordering the macrocycle molecules 
could be removed by dipping the assembly of the NCs into the “wrong solvents” due to the high 
solvent sensitivity of the macrocycles.  
We showed that the surface modification of the NCs with inorganic species is well suitable 
to remove undesirable organics while preserving size and morphology of the NCs when a 
classical post-synthetic reprecipitation fails. This was presented on the example of PbSe NWs. 
The subsequent transfer of the inorganic-stabilized NCs from polar into nonpolar media can be 
implemented as well. In the latter case, the surface of the nanoparticles is functionalized with 
both organic and inorganic ligands, which cannot be completely replaced with the new incoming 
organic molecules. In principle, such combination of organic capping of the NCs with additional 
inorganic adlayers is highly desirable to increase the stability and PL QY of the NCs.94,95,97 To 
provide such additional inorganic passivation of the organic-stabilized NCs via a conventional 
approach, complicated post-synthetic treatments of the NCs with desired salts in nonpolar 
solvents were used.33,107 
We utilized a suite of spectroscopic, scattering and imaging techniques to characterize the 
NCs before and after ligand exchange to obtain information about the NC-ligand bonding and 
capping-layer structure. The diverse techniques used include steady-state absorption, steady-state 
and time-resolved PL spectroscopy, Fourier transform infrared spectroscopy (FT-IR), Raman 
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spectroscopy, (HR)TEM, X-ray Photoemission Spectroscopy (XPS), dynamic light scattering 
(DLS), 1D liquid-phase nuclear magnetic resonance (1H NMR) and powder XRD techniques.  
 
3.2. Key Aspects of Post-Synthetic Surface Modification and Functionalization of 
Nanocrystals with Inorganic Ligands in Solution Phase 
 
The efficient replacement of the pristine organic molecules on lead- and cadmium 
chalcogenide NCs with the diverse inorganic ligands such as halides, pseudohalides, and metal 
halide complexes can be successfully realized. The schematic sketch of the ligand exchange of 
pristine organic molecules with inorganic ionic species is shown in Figure 3.1. 
 
 
Figure 3.1. Scheme of the replacement of original organic ligands with new inorganic ionic species 
(M
n+
X
n-
) on the surface of a NC. The nucleophilic anions adhere to the electrophilic uncoordinated metal 
centers at the NC surface while stripping off the organic hydrocarbon ligands. The surface charge of the 
electrostatically stabilized all-inorganic NCs is balanced by the oppositely charged counterions located 
in a diffuse region around the NC.  
 
The modified approach of the solution-phase ligand exchange developed in this work 
enables to obtain stable dispersions of NCs in highly polar solvents such as formamide (FA), N-
methylformamide (MFA), N,N-dimethylformamide (DMF), propylene carbonate (PC), their 
mixtures or mixtures of these solvents with other solvents, having high Lewis basicity (see 
below). The diverse range of all-inorganic-capped NCs with different composition, size, and 
morphology is presented in Figures 3.2–3.4.  
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Figure 3.2. Stable colloidal solutions of lead (II) chalcogenide NCs capped with iodide ions in PC from 
left to right: 5.3 nm PbS NCs; 4.0 nm PbSe NCs; straight PbSe NWs with a diameter of ~10 nm and 
length of 5–20 µm; branched PbSe NWs with an inner diameter of ~10 nm, radial arms of ~10 nm and 
length of 5–20 µm; two-component PbSe/PbS NCs with quasi-spherical (3.2-nm-thick PbS shell) and 
cubic (3.6-nm-thick PbS shell) shapes having the same 5.4 nm PbSe core; 8.0 nm PbTe NCs. 
 
 
Figure 3.3. The inorganic-capped quasi-spherical CdSe NCs in MFA or MFA/HMPA mixture from left to 
right: 4.3 nm CdSe NCs capped with I
-
; Br
-
; Cl
-
; N3
-
; In-Cl-complex ligands, 4.0 nm CdSe NCs stabilized 
with Ga-I-complex ligands, 4.7 nm CdSe NCs stabilized with Zn-I-complex ligands, 4.3 nm CdSe NCs 
stabilized with I
-
 anions first and further functionalized with Cd
2+
 cations. 
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Figure 3.4. (A) The halido-stabilized NCs in MFA: I
-
-capped 3.5 nm CdS NCs, Cl
-
-stabilized CdSe/CdS 
core-shell NCs with 2ML, 4ML and 6ML thicknesses (CdSe core is 3.4 nm), F
-
-capped ZnO NCs with 
quasi-spherical (5 nm) and rod-like shape (diameter/length ~10 nm/(20–70) nm ). (B) Image of chlorido-
capped CdSe/CdS NCs with different CdS shell layer thickness under a UV lamp (λexc =366 nm) from left 
to right: QY ~ 9 % (CdSe/CdS-2ML), QY ~ 34 % (CdSe/CdS-4ML), QY ~ 66 % (CdSe/CdS-6ML). 
 
We modified the typical ligand exchange procedure which originally involved the phase 
transfer of colloidal NCs across the boundary between two immiscible solutions.83,87,88 We found 
that the ligand replacement via a mild flocculation of the NCs can be as efficient as the 
traditional solution-phase ligand exchange technique, whereas the novel approach led to a much 
faster organic-to-inorganic substitution. 
A typical ligand exchange procedure of lead and cadmium chalcogenide NCs was carried 
out in an oxygen-free atmosphere at room temperature (see details in Appendix A). The 
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relatively diluted solution of the organic-stabilized NCs in hexane (~5–15 mg/mL) was mixed 
with a solution of acetone and highly polar MFA containing the desired ammonium halide, metal 
halide complex or a salt of the pseudohalide as a source of anionic ligands with a concentration 
of 0.05–0.10 M.  
Acetone can be considered as a good candidate for triggering a mild flocculation due to its 
aprotic nature, a moderate static dielectric constant (ε25ºC ~ 21) and good miscibility with both 
highly polar and nonpolar solvents such as MFA and hexane, respectively. Previously, acetone 
was shown to be used as a “surfactant” to facilitate the transfer of CdTe NCs through the surface 
boundary via the reduction of the surface tension at the polar-nonpolar interface.108 Additionally, 
Fafarman et al. carried out the ligand exchange via the destabilization of the NC dispersion using 
a solution of a well-soluble ammonium thiocyanate in acetone.77 The latter technique of ligand 
exchange is limited by a low solubility of the inorganic salts in acetone making all-inorganic 
ligation complicated.  
The aggregated NCs were centrifuged and separated from the supernatant. An excess of 
acetone was added to the precipitate to remove the remaining organics and the unreacted salt. 
After centrifugation and drying, the powder was redispersed in pure MFA or in a mixture of 
MFA and a solvent with high Lewis basicity (see below). The subsequent washing steps are 
important in order to remove unbound insulating inorganic species that may influence the 
properties of the NCs. The stable NC dispersion with concentrations of as high as 200–
300 mg/mL can be finally formed.  
We note that the ligand exchange procedure, described above does not work well for 
oxygen-containing nanoparticles. These particles show a selectively high affinity to Lewis bases 
with “hard” centers such as with oxo- or fluoroligands. However, the low nucleophilicity or low 
solubility of corresponding inorganic salts even in highly polar solvents make the ligand 
exchange either via a mild flocculation or a direct phase transfer inefficient resulting in the 
formation of unstable solutions. To exchange the organic ligands on ZnO NCs with fluoride ions, 
we adapted a two-step approach developed by the Talapin group.98 The first step involved the 
stripping of organic ligands from the surface of the ZnO NCs using triphenylcarbenium 
tetrafluoroborate (Ph3CBF4) as a nonoxidizing stripping agent. The resulting NCs are nearly 
ligand-free with positively charged surface due to a very weak nucleophilicity of the BF4
- 
counterions. These ligand-free NCs are stable in MFA for a short time only. The second step 
includes the functionalization of these “naked” ZnO NCs with fluoride ionic species resulting in 
a stable dispersion of the NCs in MFA with concentrations of 50–80 mg/mL. The successful 
surface modification and subsequent functionalization of ZnO NCs with the fluorine species are 
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especially important for further application of ZnO NCs. Bae et al. recently demonstrated that 
fluorine-doped amorphous indium-zinc oxide showed enhanced electronic properties than 
fluorine-free materials.109 
The kinetics of the ligand exchange reactions is based on the effect of mass action and 
typically involves an exposure of colloidal NCs to the large excess of competitive ligands i.e. 
inorganic species, resulting in a complete or partial surface modification of the NCs.74 This 
process can be accelerated by the gentle destabilization of the relatively diluted NCs, e.g. by the 
addition of a proper non-solvent. The destabilization itself creates more favorable conditions for 
the detachment of the pristine molecules from the NC surface, thereby increasing the exchange 
rate.  
The competition in the ligand exchange is strongly influenced not only by the relative 
abundance of incoming and outgoing ligands and conditions, at which the ligand substitution 
takes places but also by the difference in the ligand affinities to the NC surface. The ligand 
affinity can be rationalized in terms of electronic, entropic and steric effects.84,101,110 The 
electronic contribution can be illustrated by the application of the principle of hard and soft acids 
and bases (HSAB) developed by Pearson.111 The affinity of halide nucleophilic species to the 
electrophilic undercoordinating lead and cadmium centers on the NC surface decreases from 
iodide to fluoride in accordance with the HSAB principle. For example, the “soft” iodide ions 
showed good affinity to both lead and cadmium chalcogenides NCs with “soft” surface sites, 
leading to the formation of stable iodido-capped PbS, PbSe, PbTe, CdSe and CdS NCs. The 
bromide and chloride ions can efficiently replace organic molecules from both metallic centers, 
whereas the stable dispersion can be formed only for the cadmium chalcogenide NCs. The latter 
is explained by more “softness” of the lead centers compared to cadmium. ZnO NCs with a hard 
metal center can be easily stabilized with the “hard” fluoride ions but other halides cannot. The 
entropic effects are more pronounced for multidentate In-Cl-, Ga-I- and Zn-I-complex ligands 
having two or more binding groups compared to simple monodentate halide or pseudohalide 
ligands. The steric accessibility of the inorganic ligands can facilitate the efficient ligand 
replacement of bulky organic molecules. It is important to outline that the application of the 
concepts from the coordination chemistry for explaining the binding strength in a NC system is 
not entirely straightforward. For example, the shape and composition of the NCs may be varied 
in a broad range, leading to changing their inherent anisotropy, crystal surface reactivity and 
increasing structural difference between their facets. Moreover, a possible mismatch of the 
lattice constants and coordination numbers between the interacting NCs and ligands should be 
taken into account. All of these may change the NC-ligand affinity.103  
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The other crucial factors governing the efficient ligand exchange and colloidal stabilization 
are solvent characteristics such as its static dielectric constant, acceptivity and donicity.87,103,112 
The high dielectric constant of polar protic and dipolar aprotic solvents favors electrostatic 
stabilization of the inorganic-capped NCs in e.g. MFA (ε25°C ~ 182), FA (ε25°C ~ 110) and N-
methylacetamide (ε32°C ~ 191). These solvents provide an effective screening of the electrostatic 
attraction between oppositely charged NCs and counterions located in a diffuse region around 
the NCs. 
The inorganic ligands of the NCs are liable and the Gibbs energy of the ion adsorption on 
the solid-liquid interface can be significantly affected by the solvent acidity or acceptivity. The 
convenient relative parameter ET
N used to evaluate the solvent Lewis acidity was proposed by 
Reichardt.113,114 This experimental value ET
N lies between 0 (tetramethylsilane) and 1 (water) and 
indicates the ability of solvents to solvate ions.114 In our system, lead chalcogenide NCs formed 
concentrated stable colloidal solutions (>5 mg/mL) in MFA (ET
N = 0.772) and FA (ET
N = 0.775), 
whereas gradually precipitated upon dilution. The pronounced desorption of inorganic ions in 
diluted solutions of MFA and FA resulted in NC aggregation. On the other hand, these NCs can 
form stable solutions in a wide concentration range in PC or DMF, as solvents with relatively 
weak Lewis acidity (ET
N = 0.472 and 0.386, respectively). The high acidity of aqueous solutions 
even at high pH values excluded the formation of stable colloids of the inorganic-capped NCs 
studied in this work.91 
At the same time, the negative charge of NC surface is balanced by positively charged 
counterions located in a diffuse region around the particle. It is reasonable to expect that an 
efficient solvation of the counterions can provide an additional contribution to the colloidal 
stabilization of the charged NCs. 
The ability of a solvent to solvate cations strongly correlates with the empirically 
determined donor number (DN) or donicity introduced by Gutmann and reflects the Lewis 
basicity of a given solvent.114,115 MFA and PC can solvate various organic cations and only small 
inorganic ones, e.g. NH4
+, K+. For example, different iodide salts can be used for ligand 
exchange of pristine organic ligands of PbSe NCs such as (CH3)4NI, KI or NH4I. However, the 
proper choice of the cations is also important due to their influence on the electrical and optical 
properties of the NCs. It is well known that K+ ions may create local electrostatic barriers around 
the nanoparticles and behave as electron scattering centers.84 In its own turn, the bulky, 
nonvolatile tetramethylammonium will lead to increasing the distance between the NCs. 
Ammonium salts such as NH4I are volatile, small and do not suppress electron transport. For this 
reason, the available ammonium salts were used for inorganic ligation. 
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On the other hand, MFA and PC solvents with low DNs (~15) cannot efficiently solvate 
the complex inorganic cations formed by self-ionization of the metal halides – InCl3, GaI3 or 
ZnI2 in polar solvents
116: 
 
2 MeHala ↔ 2 Me
a+
(s)+a Hal
-
(s) ↔ [MeHala+1]
-
(s)+[MeHala-1]
+
(s) ↔ 
↔… [MeHala+b]
b-
(s)+[MeHala-b]
b+
(s)     (3.1) 
 
where Me = metal cation, e.g. In3+, Ga3+, Hal = halide anion, a – cation charge and b –
 dissociation step. 
To address this problem, a small addition of a cosolvent (~1–2 vol. %) with high DN such 
as hexamethylphosphoric triamide (HMPA) (DN ~ 39) or pyridine (DN ~ 33) can provide the 
efficient stabilization of the NCs capped with complex ligands in a wide concentration range.  
In conclusion, the efficiency of post-synthetic organic-to-inorganic ligand exchange while 
preserving the colloidal stability of the NCs was found to be strongly dependent on individual 
NC properties, ligand nature, solvent properties, and conditions, at which the surface 
modification of the NCs takes place. These key parameters provide the proper control over the 
kinetics of the exchange of the original organic molecules with diverse inorganic species. Below 
we present in detail the successful modification of the surface of the NCs with the monodentate 
halides or pseudohalide and the polydentate metal-halide-complex ligands. These new ligands 
led to the formation of stable dispersions of NCs in various polar solvents and in a broad 
concentration range via electrostatic repulsion.  
 
3.3. All-Inorganic Colloidal Lead (II) Chalcogenide Nanocrystals, Stabilized with 
Iodide Ions as Surface Capping Ligands† 
 
The post-synthetic surface modification of the original organic ligands with iodide ions of 
single-component PbS, PbSe, PbTe as well as two-component PbSe/PbS core-shell NCs was 
performed using the developed approach of ligand exchange via a mild flocculation (see details 
of ligand exchange in Appendix A). This is one of the first examples of all-inorganic lead 
chalcogenide NCs that preserve their colloidal stability. Notably, lead chalcogenide NCs of 
virtually any shape (quasi-spherical, cubic or wire-like) and size (from 3 nm in diameter to NWs 
with lengths up to 20 µm) could be stabilized with tiny iodide ions to form stable colloidal 
solutions (Figure 3.2). Keeping in mind that the surface of the NCs can be passivated with 
                                                           
†Parts of the section have already been published103 
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different charged (X-type) or (and) neutral (L-type) ligands, the reaction of ligand exchange of 
lead chalcogenides NCs with ammonium iodide (as a source of iodide ions) can be written as: 
  
[(PbCh)m(PbnX2n)Lq] + (2n+s) NH4I+t L
*
 → 
→ [(PbCh)m(PbnI2n+s)Lt
*
]
s-
 +(2n+s) NH4
+
 + 2n X
-
 + q L    (3.2) 
  
where m relates to the size of the NC core, n and q describe the ligand shell composition. 
X = C17H33COO
- or other charged species, L = C17H33COOH, TOP or other neutral molecules 
with a lone electron pair, L* = molecules of polar solvents used in the ligand exchange, which 
can adhere to the NC surface, e.g. MFA (t ≤ q).  
The surface of the synthesized lead chalcogenide NCs is lead-terminated as defined using 
EDX and ICP-OES techniques (Chapter 2). The excess of electrophilic metal centers and the 
high affinity of the iodide species to the lead surface sites facilitate inorganic ligation. Moreover, 
the process of the substitution of organic ligands with inorganic ions might be accelerated by the 
proton transfer from the strong H-bond donor solvent – MFA, as proposed recently.117 We found 
that other halides (bromide, chloride) could not form stable solutions of PbS, PbSe and PbTe 
NCs due to the low affinity of the anions to lead centers. In this case, the ligand exchange can be 
realized using solely a solid-state approach.  
Figure 3.5 presents the absorbance and normalized emission spectra of 5.3 nm PbS and 
4.0 nm PbSe NCs, stabilized with organic ligands in TCE and I- ions in PC. The absorbance 
spectra of the iodide-exchanged PbS and PbSe NCs in PC (blue and red lines, respectively) show 
the discrete resonances characteristic for transitions between quantum-confined holes and 
electron states, here with a slight hypsochromic shift after the ligand exchange for the PbS NCs. 
The iodido-stabilized PbS and PbSe NCs exhibit band-edge PL with the QYs of ca. 1.9 and 3.1 
times lower than that of the initial PbS and PbSe NCs capped with organic ligands, respectively.  
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Figure 3.5. Absorbance (solid) and steady-state PL (dashed) spectra of (A) 5.3 nm PbS and (B) 4.0 nm 
PbSe NCs before (black) and after (colour) ligand exchange. The PL spectra were collected at excitation 
wavelengths 1100 and 1000 nm for the PbS and PbSe NCs, respectively.  
 
The relative PL QY was determined by calculating the spectrally integrated photon flux at 
the detector at common excitation wavelength after normalizing the PL spectra to the 
absorbance.118 The decreased QY after the inorganic surface modification of the PbS and PbSe 
NCs is likely due to an increased density of surface trapping states and a concentration of 
unpassivated surface centers, especially selenium ones. The latter cannot be properly passivated 
by weak electrophilic ammonium anions.  
The iodido-capped NCs can be easily redispersed in different polar solvents such as MFA, 
FA, DMF and PC, which provides more flexibility for the handling and processing of the I--
capped NCs. The absorbance spectra of the 4.0 nm PbSe NCs in different solvents are shown in 
Figure 3.6 A. As one can see, there are slight hypsochromic (for PC) and bathochromic (for 
MFA, FA, DMF) shifts of the first exciton peak for the iodido-stabilized PbSe NCs compared to 
the organic-capped PbSe NCs. The nature of the shifts is much likely related to the change of the 
dielectric properties of the surrounding environment. 
BA
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Figure 3.6. (A) Comparative optical absorbance spectra of I
-
-stabilized 4.0 nm PbSe NCs dispersed after 
the ligand exchange in different solvents. The spectrum of the PbSe NCs stabilized with organic ligands 
(OL) before the ligand exchange in TCE is also presented. The inset presents a digital picture of the 
stable colloids of 4.0 nm PbSe NCs in different solvents. (B) Absorbance spectra recorded at different 
times for I
-
 and organic-ligand-capped 5.3 nm PbSe NCs in PC and TCE, respectively. The small 
parasitic peak at 1412 nm corresponds to the absorption feature of the pure PC. 
 
In Chapter 2, we outlined the high air susceptibility of PbSe NCs stabilized with organic 
ligands leading to a blue shift and broadening of the absorption features and the PL band 
accompanied with a PL QY drop. It has been recently proposed that PbSe NCs show size-
dependent air-instability due to the fast oxidation of the {100} facets which are typically less 
passivated by the oleic acid.119 It was also shown that in addition to OA molecules, halides can 
passivate the {100} facets of PbSe NCs which leads to enhanced PL QYs and improved air-
stability in nonpolar solvents.107 To check if the iodide species alone (without any organic 
ligands) can passivate the {100} facets, we compared the air-stability of 5.3 nm PbSe NCs after 
and before the ligand exchange. As seen from Figure 3.6 B, keeping organic-stabilized NC 
solutions under air for only 1–3 days resulted in a significant blue shift of the absorption features 
of the PbSe NCs. On the other hand, only a very slight spectral shift is observed for iodide 
passivated NCs even after 7 days under air. The thin films prepared from iodido-passivated PbSe 
NCs in PC showed a considerably higher environmental stability as compared to their organic-
passivated counterparts as well. 
The degree of ligand exchange and surface functionalization with iodide ligands was 
monitored with FT-IR and XPS spectroscopy. In Figure 3.7 the FT-IR spectra of dried PbS, 
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PbSe, and PbTe NCs before and after surface modification are presented. FT-IR spectroscopy of 
iodido-capped lead chalcogenide NCs confirms an almost complete exchange of the initial 
organic molecules with iodide ligands, as seen from the disappearance of the characteristic and 
strong C-H- and -CH= stretching modes in the high-frequency region (2800–3000 cm-1). A weak 
signal at 3100–3500 cm-1 could rise from the vibrational modes of NH4
+ cations and N-H 
vibrations of residual MFA molecules. The latter is additionally confirmed by the amide signal 
around 1500–1700 cm-1. The spectral features at lower frequencies between 800 and 1500 cm-1 
are different before and after ligand exchange. These characteristic signals correspond mainly to 
various bending vibrations (scissoring, twisting and wagging) which are difficult to assign 
unambiguously in both organic- and inorganic-capped NCs due to the uncertainty in quantitative 
composition of the surface ligands and binding species as well as due to a strong influence of the 
metal centers on force constants of the bonds.  
 
 
Figure 3.7. FT-IR spectra of 5.3 nm PbS (A), 4.0 nm PbSe (B) and 8.0 nm PbTe NCs (C) capped with 
organic ligands (black) and with iodide ions (colour). All spectra are vertically shifted for clarity. 
 
To get a full picture of changing the chemical composition of the NC surface, we 
performed a comparative XPS study of 4.0 nm PbSe NCs before and after surface modification 
with ammonium iodide. The high-resolution XPS spectrum in the range of 4f5/2–4f7/2 spin-orbit 
doublet of lead (Figure 3.8 A) can be fitted with two components centered for the 4f7/2 peak at 
136.6 eV and 137 eV, respectively. Based on previous XPS studies of PbSe NCs, these two Pb2+ 
states can be related to Pb-Se and Pb-O bonding, respectively.120 After ligand exchange with the 
iodide species, the peak becomes sharper and shifts to higher binding energies (e.g. the value is 
137.8 eV for the 4f7/2 peak) (Figure 3.8 B). This shift can be assigned to a Pb-I adduct formation 
on the NC surface, as the Pb-I bonding is known to result in a higher binding energy of the Pb 
core electrons compared to Pb-Se and Pb-O bonds. The iodide 3d3/2 and 3d1/2 peaks are observed 
A B C
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for the iodide-treated sample at 619 and 630.5 eV, respectively (Figure 3.8 C) which are in 
agreement with the binding energies of iodine atoms in bulk PbI2.
121 The presence of the 
nitrogen signal only in the spectrum of iodido-capped PbSe NCs (Figure 3.8 F) is also related to 
the nitrogen-containing ligands. We note that a sharpening of the XPS lines in the iodide-treated 
sample is observed for the Se species as well (Figure 3.8 E). However, unlike an oxidation-
induced broadening of the Pb spectrum of the organic-stabilized NCs (Figure 3.8 A), no features 
of Se oxidation are observed which would be expected in the range of 58–60 eV 
(Figure 3.8 D).39 The nature of the narrowing of the peaks after the ligand exchange is still 
unclear and further studies are required.  
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Figure 3.8. XPS spectra of 4.0 nm PbSe before (PbSe(OL)) and after (PbSe(I
-
)) ligand exchange with 
iodide ions. Panels A–E show the results of the spectral fitting in Pb (4f), Se (3d) and I (3d) regions 
showing the relative contributions of the chemical states due to various components that are presented at 
the surface of the PbSe NCs. Binding energies of the various fit component peaks are restricted to the 
known energies of the chemical states. (F) XPS spectra of N (1s) of the PbSe NCs before and after iodide 
ion exchange. 
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The iodido-capped lead chalcogenide NCs were negatively charged with a ξ-potential from 
-32 to -26 mV, as can be seen from the electrophoretic measurements of 5.3 nm PbS, 4.0 nm 
PbSe and 8.0 nm PbTe NCs in PC (Figure 3.9 A). The XRD pattern of the same I--capped lead 
chalcogenide NCs (Figure 3.9 B) is similar to that of the organic-capped NCs with no additional 
reflections from I-containing phases or other possible impurities. However, the reflected 
intensities from the crystallographic planes (200) (2θ ~ 28.8°) and (400) (2θ ~ 60.0°) are 
sufficiently enhanced for the PbSe NCs (red line in Figure 3.9 B). A preferred orientation of the 
PbSe NCs along the <001> direction during drying of the concentrated solutions may explain 
this observation.38 
 
Figure 3.9. (A) Electrophoretic mobilities and electrokinetic (ξ) potential acquired by DLS technique for 
the dispersions of 5.3 nm PbS (blue), 4.0 nm PbSe (red) and 8.0 nm PbTe (green) NCs stabilized with 
iodide ions in PC (solid) as well as PbSe NCs capped with organic molecules (dashed) for comparison. 
(B) Powder X-ray diffractograms of the lead chalcogenide NCs before (dark) and after (colour) surface 
modification with iodide ligands: 6.3 nm PbS NCs (blue); 4.0 nm PbSe NCs (red) and 8.0 nm PbTe NCs 
(green). 
 
The true colloidal nature of the I--capped lead chalcogenide NCs was confirmed by TEM 
imaging. The images unveiled the retention of size and diverse morphology of the NCs after the 
ligand exchange (Figures 3.10–3.12). EDX spectroscopy made on 5.3 nm PbS, 5.3 nm PbSe and 
8.0 nm PbTe NCs from at least 6 spots unveiled the average atomic ratio of the elements as 
Pb : S : I = 1.34 : 1.00 : 0.42; Pb : Se : I = 1.24 : 1.00 : 0.31; and Pb : Te : I = 0.98 : 1.00 : 0.07. 
A B
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Figure 3.10. TEM images of the lead chalcogenide NCs capped with iodide ligands: 5.3 nm PbS NCs 
(A, D), 5.3 nm PbSe NCs (B, E) and 8.0 nm PbTe NCs (C, F). 
 
 
Figure 3.11. TEM images of the iodido-stabilized two-component PbSe/PbS NCs with (A) quasi-spherical 
(5.4 nm core PbSe/3.2 nm shell PbS) and (B) cubic (5.4 nm core PbSe/3.6 nm shell PbS) shapes. The 
insets are HRTEM images of the corresponding samples.  
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Figure 3.12. HRTEM images of (A) branched and (B) straight PbSe NWs with length of ~20 µm and 
diameter of ~10 nm capped with iodide ions. 
 
In conclusion, we presented the successful surface modification of the lead chalcogenide 
NCs with robust and environmentally friendly iodide ions. We found that these tiny ligands have 
a very high affinity to the lead-terminated NC surfaces and easily form stable colloidal solutions 
of the lead chalcogenide NCs in polar solvents, regardless of their size and complex morphology 
such as straight and branched NWs or two-component core-shell structures. All these nanoscale 
building blocks preserve their electronic structure and main photophysics of the original 
quantum-confined semiconductors and are highly attractive for further applications as all-
inorganic macroscopic assemblies. For example, the short interparticle spacing is favorable to 
provide efficient charge transport, whereas inorganic surface passivation of NIR or IR emitting 
NCs can be advantageous over organic molecules for designing infrared emitters and 
detectors.122 Moreover, iodide capping can provide an increased environmental stability of 
oxygen-sensitive lead selenide NCs which is an additional benefit of all-inorganic lead 
chalcogenide NCs.  
 
3.4. Extension of the Family of All-Inorganic Colloidal Cadmium Chalcogenide 
Nanocrystals Stabilized with Simple Halide and Complex Metal-Halide Ligands‡ 
 
To extend the surface chemistry of all-inorganic colloidal cadmium chalcogenide NCs 
such as CdS, CdSe and CdSe/CdS core-shell NCs that was mainly based on chalcogenide and 
metal-chalcogenide capping ligands, we introduced new classes of inorganic ligands such as 
monodentate halide (I-, Br-, Cl-), pseudohalide (N3
-) and multidentate metal-halide (In-Cl-, Ga-I-, 
Zn-I-complex) ligands. These inorganic ligands are short and abundant, with high stability 
                                                           
‡Parts of the section have already been published112 
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towards air and moisture as well as low toxicity compared to chalcogen-based inorganic 
ligands.83,84  
The reaction of the ligand exchange of pristine molecules with halides is similar to the 
substitution reaction of lead chalcogenides with iodide: 
 
[(CdCh)m(CdnX2n)Lq] + (2n+s) NH4Hal+t L
*
 → 
→[(CdCh)m(CdnHal2n+s)Lt
*
]
s-
 + (2n+s) NH4
+
 + 2n X
-
 + q L    (3.3) 
 
where m relates to the size of the cadmium chalcogenide NC core, n and q describe the ligand 
shell composition. X = C17H33COO
- or other charged species, L = C17H33COOH, TOP, TOPO, 
HDA or other neutral molecules with a lone electron pair, L* = molecules of polar solvents used 
in the ligand exchange that can adhere to the NC surface, e.g. MFA (t ≤ q), Hal = I-, Br-, Cl-. 
In its own turn, the ligand replacement with halogenidometallate ionic complexes is more 
complicated. The metal halides as a source of halogenidometallate ionic species are Lewis acids 
that incline to form numerous complexes with halides with a wide variation in 
stereochemistry.116 For example, InCl3 can have tetrahedral InCl4
- (b = 1), trigonal InCl5
2- 
(b = 2), bipyramidal or octahedral InCl6
3- (b = 3) coordination as a result of the metal halide self-
ionization in MFA. Reaction 3.1 can be rewritten for InCl3 as: 
 
2 InCl3 ↔ 2 In
3+
(s)+6 Cl
-
(s) ↔ [InCl4]
-
(s)+[InCl2]
+
(s) ↔  
↔ [InCl5]
2-
(s)+[InCl]
2+
(s) ↔ [InCl6]
3-
(s)+In
3+
(s)   (3.4) 
 
These diverse anionic complexes, along with simple halide ions can coordinate to 
electrophilic metal centers and electrostatically stabilize the cadmium chalcogenide NCs. In a 
simple case, ligand exchange with complex metal-halide ions can be described as subsequent 
substitution reaction of a simple halide with a more complex one: 
 
[(CdCh)m(CdnCl2n+s)Lt
*
]
s-
 +k [InCl4]
-
[InCl2]
+
 → 
→ [(CdCh)m(CdnCl2n+s-k[InCl4]k)Lt
*
]
s-
++ k Cl
-
 + k [InCl2]
+
   (3.5) 
 
where k – the degree of substitution of simple chloride with more complex [InCl4]
-. The further 
substitution with InCl5
2- and InCl6
3- can result in a complex functionalization of the NCs. Since 
the available techniques could not determine the exact composition of the halogenidometallate 
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ligands tethered to the NC surface, the general terms of “In-Cl-”, “Ga-I-” and “Zn-I-” complexes 
were used for metal-halido-capped NCs.  
It is important to outline that the complex metal-halide ligands can show different affinity 
to cadmium centers compared to simple halides. For example, chloride ligands may easily 
stabilize CdSe/CdS NCs, whereas in the case of InCl3, an excess of the stabilizer is always 
necessary. The latter implies that indium-chloride anionic complexes show a lower affinity to the 
CdS shell and participate in both surface termination and functionalization of the NC surface. In 
its own turn, the high affinity of both simple I- and Ga-I- as well as Zn-I- complex ligands can 
easily form stable solutions of CdSe/CdS NCs (see Appendix A for details).  
Figures 3.13–3.14 A compare the absorbance spectra of 4.5 nm quasi-spherical CdSe NCs 
and NPLs stabilized with I-, Br-, Cl-, N3
-, In-Cl-, Ga-I, Zn-I-complex ligands in MFA or 
MFA/HMPA mixture. These inorganic ligands can also stabilize other cadmium-terminated NCs 
such as single-component CdS and two-component core-shell CdSe/CdS NCs. The absorbance 
spectra of 3.5 nm CdS, as well as the normalized emission spectra of the core-shell CdSe/CdS 
NCs (size of CdSe core – 3.4 nm) with different CdS shell thickness before and after ligand 
exchange, are presented in Figures 3.14 B–3.15. The exciton features in the absorbance spectra 
of the quasi-spherical CdSe, CdS and CdSe/CdS NCs remained almost unaltered after the ligand 
exchange implying no changes both in size and size-distribution of the NCs. The slight 
reproducible hypsochromic shift of the first excitonic peaks after ligand exchange for the halide- 
and Ga-I-complex-stabilized CdSe NCs may be due to etching of the NC surface.  
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Figure 3.13. Absorbance spectra of 4.5 nm CdSe NCs before (black) and after (colour) ligand exchange 
with (A) simple halides (I
-
, Br
-
, Cl
-
) and pseudohalide (N3
-
) ions and (B) complex halogenidometallate 
species. All spectra were vertically shifted for clarity. 
 
In contrast to the 0D CdSe, CdS and CdSe/CdS structures, the absorbance spectra of 2D 
CdSe NPLs with 1.2 nm thickness showed a high sensitivity to the nature of the capping 
inorganic ligands as presented in Figure 3.14 A. The changes of the energy dependence of the 
heavy-hole/electron (the lowest energy) and light-hole/electron (the highest energy) transitions 
as well as their relative intensities and broadening compared to organic-capped CdSe NPLs are 
likely a complex function and required detailed studies. Some features that might be responsible 
for these changes in the optical transitions before and after ligand modification with inorganic 
capping agents are denoted below. 
The organic-capped CdSe NPLs are two-dimensional semiconductor layers with a lack of 
inhomogeneous broadening, strong carrier confinement and high exciton binding energy.65,67 The 
latter two parameters are strongly dependent on the dielectric constant of the surrounding 
media.67 The replacement of the organic molecules with the inorganic species led to changing the 
dielectric properties and electron-hole Coulomb coupling as well as carrier confinement, and as a 
result, changes in the energy of the optical transitions. On the other hand, the inorganic ligands 
can create a set of new electronic states with mixed NC core-ligand character in analogy with 
strong metal-ligand interactions which are well-known in coordination chemistry, and recently 
applied to different nanomaterials.110,123 The formation of mixed NC-ligand electronic states that 
are determined by the electronic structure of the ligands and the NPLs could relax the quantum 
confinement and shift the exciton transitions of the CdSe NPLs to lower energies as well as 
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broaden them. As one can see, the red shifts and broadening of the exciton peaks are pronounced 
for iodido-, chlorido- and, especially for Ga-I-complex-capped CdSe NPLs. At the same time, 
the energy of the two exciton transitions was not changed for In-Cl-complex-capped CdSe NPLs. 
All of the inorganic-stabilized CdSe NPLs showed an increased intensity of light-hole/electron 
transition (the highest energy) to the heavy-hole/electron (the lowest energy) implying the 
changing of the oscillator strengths of the transitions.124 The origin of the broadening can be 
related to increased local structural and surface defects. The latter resulted in complete 
quenching of the PL of the inorganic-capped CdSe NPLs. We also cannot exclude the 
inhomogeneous broadening of our CdSe NPLs after ligand exchange. However, the spectral 
broadening in the CdSe/CdS core-shell NPLs was shown to be an intrinsic effect of the surface 
modification of core CdSe NPLs with inorganic CdS shell and was unrelated to inhomogeneous 
broadening.125,126 Further studies are required for better understanding the influence of the 
inorganic surface functionalization on the optical and electronic properties of the NPLs. 
 
 
Figure 3.14. (A) Absorbance spectra of CdSe NPLs with a thickness of 1.2 nm stabilized with organic 
(black) ligands in hexane and diverse inorganic ligands (colour) in MFA or MFA/HMPA mixture. The 
inset presents a digital picture of stable solutions of the same CdSe NPLs with different ligands. (B) 
Absorbance spectra of 3.5 nm CdS NCs capped with organic molecules (black), iodide (red) and chloride 
(blue) species in hexane and MFA, respectively. All spectra are vertically shifted for clarity. 
 
Similar to CdSe NPLs, the surface modification of the CdSe and CdS NCs with the new 
inorganic ligands led to a quenching of the band-edge PL, regardless of the size and the initial 
QYs of the core NCs (Table 3.3). This is in contrast to iodido-capped lead chalcogenide NCs 
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where the band-edge emission properties were still preserved, albeit with lowered QYs. The 
induced mid-gap electronic states of the new ligands in the CdSe core can be eliminated with a 
robust inorganic semiconductor shell with a wider band gap, e.g. CdS. Indeed, the CdSe/CdS 
NCs still retained most of the emission intensity, especially for thicker shells of CdS after ligand 
exchange with the inorganic ligands (Table 3.3). The absorbance and emission spectra of 
CdSe/CdS NCs with different CdS shell thicknesses before and after ligand exchange with 
chloride and indium-chloride-complex ligands are presented in Figure 3.15.  
 
 
Figure 3.15. Absorbance (solid) and steady-state PL spectra (dashed) of CdSe/CdS NCs with 2ML (A), 
4ML (B) and 6ML (C) CdS shell thickness – before (black) and after ligand exchange with simple 
chloride (red) and indium-chloride (blue) inorganic species. The CdSe core diameter was 3.4 nm. All 
absorbance spectra are normalized to the intensity of the first exciton transition.  
 
For example, for the 6ML CdS shell, the PL QY changed from initial 74 % to 66 % after 
capping with the chloride ligands, whereas for the 4ML shell it dropped from 49 % to 34 %, 
respectively, as was monitored with steady-state PL measurements. Slightly higher QYs were 
observed for the In-Cl-complex-capped NCs. It is important to remind that to form a stable 
dispersion of CdSe/CdS NCs, an excess of InCl3 ligands was necessary and its influence on the 
optical properties of the CdSe/CdS NCs cannot be excluded.  
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Table 3.3. PL QYs before and after surface functionalization of CdSe and CdSe/CdS core/shell 
NCs with chloride and indium-chloride-complex ligands using Rhodamine-101 (QY = 95 %) and 
Rhodamine 6G (QY = 92 %) as standards 
Number of 
CdS MLs 
Initial 
QY, % 
QY after ligand exchange 
with chloride ions, % 
QY after ligand exchange with 
indium-chloride complex, % 
0 7 - - 
0 12 - - 
2 36 9 10 
4 49 34 41 
6 74 66 69 
 
These tendencies in changing QYs comply with changes in the luminescence decay 
kinetics before and after ligand exchange (Figure 3.16). In accordance with the decreased QYs, 
the excited-state lifetimes decline more rapidly and with a higher contribution of fast 
components for a thinner CdS shell (Figure 3.16). This is attributed to the presence of the 
unpassivated surface states with their influence on both radiative and non-radiative decays of 
excited charge carriers. Indeed, the excited-state decay curve abruptly dropped for the inorganic-
capped CdSe/CdS-2ML NCs with high contribution of fast PL decay component, whereas for the 
CdSe/CdS-4ML and CdSe/CdS-6ML NCs they decreased only slightly as compared to organic-
stabilized counterparts.  
 
 
Figure 3.16. Time-resolved PL of CdSe/CdS NC solutions with 2ML (A), 4ML (B) and 6ML (C) CdS shell 
thickness before (blue) and after ligand exchange with ammonium chloride (green) and indium-chloride 
(red). IRF is the instrument response function. 
 
It is well known that in the CdSe/CdS structures, having quasi-type-II band alignment, the 
small conduction band offset between the core and the shell suggests that the electron wave 
functions extend into the CdS shell while the holes are efficiently confined in the CdSe core, 
reducing the electron-hole overlap.127 We may conclude that the new halide-based inorganic 
A B C
0 20 40 60 80 100 120 140
T, ns
100
101
102
103
10
4
0 50 100 150
T, ns
100
101
102
103
10
4
P
L
 I
nt
en
si
ty
Surface Design of Colloidal Nanostructures with Inorganic and Hybrid Capping Ligands 
 
75 
 
ligands may act as hole traps. This is of even higher importance if one considers our materials as 
building blocks for n-type conducting solids, as the new ligands would unlikely induce electron 
trap states. In its own turn, the hole traps are likely to be responsible for the PL quenching 
observed in core only CdSe NCs. However, the presence of a thicker CdS shell can prevent 
direct quenching interactions of the ligands with the CdSe core. 
The completeness of the exchange of the initial organic ligands with inorganic ligands was 
confirmed by FT-IR and 1D liquid-phase proton NMR spectroscopy. Similar to lead 
chalcogenide NCs, the spectra of the dried CdSe, CdS and CdSe/CdS-4ML NCs revealed that the 
characteristic C-H stretching modes (2700–3000 cm-1) completely disappeared after ligand 
exchange (Figures 3.17–3.18). Additionally, after the surface modification all samples showed a 
broad band at 3300 cm-1 which may be assigned to the vibrational motions of residual MFA and 
NH4
+ cations. The peak at ~2054 cm-1 was observed for the N3
--stabilized CdSe NCs, which can 
be attributed to the stretching modes of N3
- ligands bound to the NC surface (Figure 3.17 B, 
purple line). The spectral features at lower frequencies (700–1500 cm-1) mainly corresponding to 
various bending vibrations differ from those before ligand exchange. To complement the FT-IR 
data, we used the highly sensitive 1H NMR spectroscopy for 4.5 nm CdSe NCs, capped with Cl- 
and In-Cl-complex ligands, allowing for a precise identification of the H-containing ligands.  
 
 
Figure 3.17. FT-IR spectra of 4.5 nm CdSe NCs, capped with organic (OL) (black) and inorganic ligands 
(colour) – (A) Cl
-
, In-Cl-complex, (B) N3
-
, Ga-I-complex and I
- 
ions. All spectra are vertically shifted for 
clarity. 
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Figure 3.18. FT-IR spectra of (A) 3.5 nm CdS NCs stabilized with organic ligands (OL) (black) and I
-
 
(blue), and (B) CdSe/CdS-4ML core-shell NCs (core CdSe–3.4 nm) capped with organic ligands (OL) 
(black) and inorganic Cl
-
 (red) ligands. All spectra are vertically shifted for clarity. 
 
Figure 3.19 A shows typical 1H NMR spectra of CdSe NCs capped with organic ligands 
and free OA in CDCl3. It is well known, that the reduced rotational mobility together with the 
presence of additional relaxation pathways of bound organic ligands lead to line broadening 
compared to free ligands. Moreover, a different environment of the organic moieties causes 
resonance shifts.128–130  
 
 
Figure 3.19. (A) 
1
H NMR spectra of OA (top, red) used in the synthesis of CdSe NCs, and organic-capped 
CdSe NCs in CDCl3 (bottom, blue). The inset shows the sketch of CdSe core NCs stabilized with organic 
ligands. (B) 
1
H NMR spectra of CDCl3 used to lock the signal with impurities at δ = 1.13 ppm, 
δ = 1.43 ppm, δ = 0.73 ppm.  
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Additionally, this analysis is further complicated due to the overlapping signals of 
methylene and methyl protons that make the investigation of organic ligands attached to the NC 
surface by 1H NMR spectroscopy very challenging. Therefore, the completeness of the ligand 
exchange was analyzed using the characteristic signals of vinyl protons of OA (δ = 5.01 ppm, 
FWHM = 42 Hz) in 1H NMR spectra assuming OA as the main ligand stabilizing the CdSe NCs. 
We used the well-established digestion procedure of the In-Cl-complex-capped NCs in DCl/D2O 
solution (10 wt. %) (green curve, Figure 3.20 A) or in aqua regia, following the extraction of the 
organic ligands with nonpolar solvents (orange curve, Figure 3.20 A). The post-digestion spectra 
of Cl--capped CdSe NCs are presented in Figure 3.20 B. Both methods showed similar results 
with a lack of signals from alkene protons, being characteristic for OA, confirming the complete 
replacement of OA by the inorganic species. 
 
 
Figure 3.20. (A) Overlay of 
1
H NMR spectra of the In-Cl-complex-capped CdSe after digestion in 
D2O/DCl (green) and in aqua regia (orange), and the parent organic-stabilized 4.5 nm CdSe NCs (blue). 
The signals at δ = 1.13 ppm, δ = 1.43 ppm, δ = 0.73 ppm are recognized as minor solvent impurities. In 
the spectrum of the CdSe NCs after digestion in D2O/DCl (green), the signal at 2.78 ppm is attributed to 
the residual molecules of MFA solvent adsorbed on the NC surface, confirming the FT-IR data. (B) 
Overlay of the 
1
H NMR spectra of the Cl
-
-capped CdSe NCs after digestion in D2O/DCl (green) and in 
aqua regia (orange), and the parent organic-stabilized CdSe NCs (blue). 
 
To confirm the successful incorporation of chlorine and indium species in CdSe and 
CdSe/CdS-4ML NCs, the XPS data before and after ligand exchange with inorganic ligands 
were compared (Figure 3.21). The presence of chlorine and indium signals is clearly observed 
with the expected binding energies and peak separations for each of the CdSe and CdSe/CdS-
4ML NCs.131 
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Figure 3.21. The XPS surveys of 4.5 nm CdSe and CdSe/CdS-4ML NCs before and after their surface 
modification with inorganic chloride and indium-chloride complex ligands. The XPS peaks of the 
elements detected are marked. The rest of the features are the Auger peaks. 
 
The inorganic-capped CdSe and CdSe/CdS NCs are negatively charged with ξ-potentials 
of -11 – -37 mV, as can be seen from the electrophoresis measurements (Figure 3.22). The ξ-
potentials are dependent both on the nature of the surface inorganic ligands and the morphology 
of the NCs. As one can see, the iodide and In-Cl-complex ligands showed stronger binding 
affinity to the surface of the 4.5 nm CdSe NCs, compared to simple chloride, resulting in more 
negative values of the ξ-potentials – -22 mV, -31 mV and -13 mV, respectively. The effective 
binding of the “soft” iodide to “soft” surface cadmium centers of the CdSe NCs can be 
rationalized using the HSAB principle. In its own turn, the multidentate In-Cl-complex ligands 
contain two or more binding groups as compared to monodentate chloride. This can increase the 
effective strength of a capping-layer adhesion through the chelate effect leading to an enhanced 
strength of the capping-layer adhesion.  
In contrast to quasi-spherical CdSe NCs, the 2D CdSe NPLs are Cd-terminated on both 
sides.126 Keeping in mind that the lateral dimensions of the 1.2 nm thick CdSe NPLs were 
~17 nm and ~14 nm, the high concentration of electrophilic cadmium centers will facilitate the 
binding of the nucleophilic anionic species. The latter resulted in higher ξ-potentials of the 
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iodido-capped CdSe NPLs compared to the iodido-capped CdSe NCs with quasi-spherical shape 
– -37 mV vs -22 mV, respectively.  
It is well known that concentrated colloidal solutions of CdSe NPLs are not stable leading 
to their aggregation within several days.66 The organic capping layer is likely not to provide 
adequate stabilization of large CdSe NPLs through weak steric repulsion. The latter can be a 
significant drawback for further solution processing of these nanomaterials. The inorganic 
ligands could easily stabilize the CdSe NPLs in polar solvents in a wide concentration range 
without a sign of NPL aggregation within months. The latter is a good alternative to the 
additional coating of organic-capped CdSe NPLs with carboxylic acid-terminated polystyrene 
proposed by the Dubertret group to increase the NPL colloidal stability.66 
 
 
Figure 3.22. Electrophoretic mobilities and electrokinetic (ξ) potentials acquired by DLS technique for 
dispersions of CdSe (A, B) and CdSe/CdS NCs with different shell thickness (C) stabilized with halide and 
halogenidometallate complex ligands in MFA. CdSe NCs capped with organic ligands are presented for 
comparison. 
 
The XRD patterns (Figure 3.23) of 4.5 nm inorganic-capped CdSe NCs and Cl--capped 
CdSe/CdS-6ML NCs are similar to those of the originally capped NCs with no additional 
reflections from chlorine or indium-containing phases or any other impurities. The presence of 
the characteristic (102) and (103) reflections at 2θ = 35.1° and 2θ = 45.8°, respectively, confirms 
the hexagonal crystal structure of the Cd-based NCs. At the same time, the broadening of the 
reflections at 2θ ~ 25° is commonly observed for small CdSe NCs with wurtzite crystal structure 
(Figure 3.23 A).43,56,57  
Additionally, as one can see, inorganic ligation does not induce so-called surface-driven 
crystalline transition that was observed for CdSe/CdS NCs after ligand exchange with organic 
molecules.132 
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Figure 3.23. Powder XRD patterns measured for CdSe (A) and CdSe/CdS-6ML (B) NCs before and after 
inorganic ligation with all reflections expected for the bulk wurtzite crystal structure confirming that 
neither phase transitions nor formation of a new phase takes place. The stick patterns show the standard 
peak positions of bulk wurtzite CdSe (bottom purple sticks) (COD#9011664) and CdS (top green sticks) 
(COD#9008862). 
 
In order to get an additional insight into a possible effect of the ligand exchange on the 
structural perfection of the NCs, as well as electron-phonon coupling in them, phonon Raman 
spectra were acquired. In the case of resonantly excited II-VI NCs, their phonon Raman spectra 
are dominated by longitudinal optical (LO) phonon scattering and its overtones 
(Figure 3.24).133,134 In previous Raman studies of CdSe and other NCs their phonon spectra were 
found to be sensitive to certain ligand exchange procedures.133–135 For instance, after ligand 
exchange of the organic ligands with pyridine, changes in the phonon peak position, width and 
relative intensities were observed, indicating changes in the NC structure and strength of the 
electron-phonon coupling.133 These effects are not observed in this work upon ligand exchange 
from the organic ligands to chloride and indium-chloride-complex ligands. Therefore, the results 
of Raman spectroscopy additionally confirmed the potential benefits of using CdSe or 
CdSe/CdSe NCs with short inorganic ligands in electronic applications. 
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Figure 3.24. Raman spectra of the CdSe NCs before and after surface functionalization with chloride and 
indium-chloride complex ligands showing no structural deterioration due to the ligand exchange. The 
spectrum of CdSe/CdS-4ML NCs after ligand exchange is also shown. The upward shift of the CdSe 
phonon in the latter spectrum is due to shell-induced strain in the core and is a direct indication of the 
lattice coherence between the core and the shell materials.
136
 The spectrum of the CdSe/CdS-4ML NCs 
was noisy due to a huge PL background in this sample, which was subtracted to make a comparison with 
CdSe NC spectra possible. 
 
The true colloidal nature of the all-inorganic cadmium chalcogenide NCs was also 
confirmed by TEM analysis. The TEM images unveiled the retention of size and diverse 
morphology of the NCs after the ligand exchange, while the close proximity of the NCs is clearly 
visible after their inorganic ligation (Figures 3.25–3.29). At the same time, electrostatic repulsion 
between the NCs negatively affects their ability to self-assemble into long-range ordered 
structures (Figures 3.25–3.28). Moreover, there is an incompatibility of all-inorganic charged 
NCs with low boiling nonpolar solvents commonly used in self-assembly.122 Unexpectedly, this 
tendency did not touch the inorganic-capped CdSe NPLs presenting a good ordering on the TEM 
grid (Figure 3.29). The size distribution in the lateral dimensions of the CdSe NPLs is likely 
responsible for a disturbance of long-range ordering being typical for quasi-spherical organic-
capped NCs with low polydispersity. To the best of our knowledge, this is the second example of 
the formation of ordered arrays of all-inorganic electrostatically stabilized NCs. Previously, 
partly successful ordering was observed only for Au NCs, capped with Sn2S6
4- ions.83 The 
regimentation of CdSe NPLs can be attributed to a combination of the strong repulsion between 
the negatively charged lateral planes, excluding the stacking of the CdSe NPLs and a weak side-
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to-side repulsion, favoring side-to-side ordering. As expected, we observed the similar tendency 
also for CdSe NPLs capped with other inorganic ligands. 
The results of the ICP-OES analysis of CdSe NCs before and after surface modification 
with inorganic ligands are presented in Table 3.4. Since the method is low sensitive to halides, 
their amount was not determined. For example, the atomic ratios between Cd and Se (for Cl--
capped CdSe) and Cd, Se and In (for In-Cl-complex-capped CdSe) were determined as 
1.41 : 1.00 and 1.49 : 1.00 : 0.09, respectively, confirming the presence of indium species in the 
latter NCs. The atomic ratio was established as Cd : Se = 1.55 : 1.00 before ligand exchange. The 
observed deviation of the Cd content in Cl--capped NCs as well as in other halido-capped CdSe 
NCs may be explained by a partial surface etching which is in agreement with the slight blue 
shift in the corresponding absorbance spectra (Figure 3.13).  
 
Table 3.4. Elemental atomic ratios in 4.5 nm CdSe NCs capped with organic and inorganic 
ligands, estimated by ICP-OES 
NC (Ligand) Elements/Ratio 
CdSe (OL) Cd : Se = 1.55 : 1.00 
CdSe (Cl-) Cd : Se = 1.41 : 1.00 
CdSe (In-Cl-complex) Cd : Se : In = 1.49 : 1.00 : 0.09 
CdSe (I-) Cd : Se = 1.46 : 1.00 
CdSe (Ga-I-complex) Cd : Se : Ga= 1.33 : 1.00 : 0.07 
CdSe (Zn-I-complex) Cd : Se : Zn = 1.51 : 1.00 : 0.11 
 
 
Figure 3.25. Overview TEM and HRTEM (insets) images of 4.5 nm CdSe NCs capped with iodide (A) and 
bromide (B) ions. 
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Figure 3.26. Overview TEM and HRTEM (insets) images of 4.5 nm CdSe NCs stabilized with chloride (A) 
and azide (B) ions. 
 
 
Figure 3.27. TEM images of 4.5 nm CdSe NCs stabilized with In-Cl-complex (A, D), Ga-I-complex (B, E) 
and Zn-I-complex (C, F) ligands. 
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Figure 3.28. TEM images of chlorido-capped CdSe/CdS NCs with different CdS shell thicknesses: 2ML 
(A, D), 4ML (B, E) and 6ML (C, F). The CdSe core diameter is 3.4 nm. 
 
 
Figure 3.29. (A, B) TEM and (C) HRTEM images of the iodido-capped CdSe NPLs with a thickness of 
1.2 nm and lateral dimensions of ~17 nm and ~14 nm.  
 
In summary, we showed successful surface modification and functionalization of cadmium 
chalcogenide NCs with diverse inorganic ligands such as simple iodide, bromide, chloride and 
azide ions as well as In-Cl-, Ga-I- and Zn-I-complex ligands. These new inorganic species 
efficiently replace the pristine organic molecules and provide an electrostatic stabilization of the 
NCs with different size, composition and morphology in polar solvents in a wide concentration 
range. The excitonic characteristics of the cadmium chalcogenide NCs are preserved after ligand 
exchange, whereas the band-edge PL of the CdSe and CdS NCs was completely quenched. 
Contrary, the two-component CdSe/CdS NCs stabilized with the inorganic ligands partly 
retained the PL especially in the case of a thicker CdS shell. We found that all-inorganic 
electrostatically stabilized 2D CdSe NPLs can form long range ordering in contrast to the other 
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inorganic-capped CdSe NCs. The combination of the colloidal stability of the concentrated 
dispersion of CdSe NPLs with their inclination to the formation of ordered assemblies is very 
promising for their subsequent implementation in practical applications.  
 
3.5. Surface Functionalization of Zinc Oxide Nanocrystals with Fluoride Ions 
 
The direct replacement of pristine molecules with fluoride ions from the surface of quasi-
spherical ZnO NCs using the ligand exchange strategy either via a mild flocculation or a direct 
phase transfer was not successful. The latter can be explained by a low nucleophilicity of 
fluoride ions in polar solvents as well as a low solubility of the corresponding inorganic fluorine-
containing salts.98 In its own turn, fluoride ions as “hard” bases show a high affinity to the “hard” 
centers of zinc-terminated zinc oxide NCs.111 To replace the original organic ligands with 
fluoride ions, a two-step approach to the ligand-exchange was introduced (see details in 
Appendix A).98  
The first step involved the stripping of organic stearate ligands from the surface of the ZnO 
NCs using triphenylcarbenium tetrafluoroborate (Ph3CBF4) (Figure 3.30 A, black). This 
stripping agent with the bulky hydrophobic Ph3C
+ cation is a mild, nonoxidizing, less acidic 
reagent and is more effective compared to nitrosonium terafluoroborate (NOBF4) introduced by 
the Murray group99 or Meerwein’s salt (Et3OBF4) used by the Milliron group.
75 The Ph3CBF4
 
salt cleft the stearate ligands (X-type) in the presence of weakly nucleophilic anions with low 
affinity to the ZnO NC surface (BF4
-).98 As seen from electrokinetic measurements 
(Figure 3.30 B), the surface of the ZnO NCs treated with Ph3CBF4 became positively charged 
(ξ ~ +8 mV) and was likely to be weakly coordinated with labile molecules of the solvent such 
as MFA: 
  
[(ZnO)m(ZnnX2n)Lq] + 2n Ph3CBF4 + t L
*
 → 
→[(ZnO)m(Znn)Lt
*
]
2n+
 +2n Ph3CBF4 + 2n X
-
 + q L    (3.6) 
 
where m relates to the size of the ZnO NC core, n and q describe the ligand shell composition. 
X = stearate or other charged species, L = stearic acid or other neutral molecules with a lone 
electron pair, L* = molecules of polar solvents used in the ligand exchange that can adhere to the 
NC surface, MFA (t ≤ q).  
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Figure 3.30. (A) FT-IR spectra of ~5 nm quasi-spherical ZnO NCs, capped with organic ligands (OL) 
(black), ligand-free ZnO NCs after the treatment with Ph3CBF4
 
(green) and further functionalized with 
fluoride ions (blue). All spectra are vertically shifted for clarity. (B) Electrophoretic mobilities and 
electrokinetic (ξ) potentials acquired by DLS technique for dispersions of the same ZnO NCs before 
ligand exchange (black), after ligand exchange with Ph3CBF4 (green) and subsequent stabilization with 
F
-
 (blue).  
 
The FT-IR spectrum of the ligand-free ZnO NCs (Figure 3.30 A, green) showed that the 
characteristic C-H stretching vibrations at 2800–3000 cm-1 ascribed to stearate capping species 
were noticeably reduced after Ph3CBF4 treatment. The broad band around 3400 cm
-1 is assigned 
to N-H stretching modes of MFA. The peak at ~1060 cm-1 is characteristic to BF4
- anions, 
whereas its sharpness implies the unbound state.99,137 The lack of valence aromatic C-H vibration 
at 3030–3080 cm-1 confirms the absence of bulky hydrophobic Ph3C
+ cation. These ligand-free 
ZnO NCs are stable in MFA over a short time only and were required to be functionalized with 
appropriate new ligands. 
The second step includes the functionalization of these “naked” ZnO NCs with the fluoride 
ionic species (F-) having higher affinity than tetrafluoroborate (BF4
-): 
 
[(ZnO)m(Znn)Lt
*
]
2n+
 + 2n BF4
-
 + (2n+s) NH4F → 
→ [(ZnO)m(ZnnF2n+s)Lt
*
]
s-
 + (2n+s) NH4
+
 + 2n BF4
- 
  (3.7) 
 
where NH4F was chosen as a source of fluoride ions. 
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The fluorido-capped ZnO NCs formed a stable concentrated dispersion in MFA with 
concentrations of up to 80 mg/mL or diluted in PC. The charge of the NC surface was changed 
from a positive (ξ = +8 mV) to negative value (ξ = -14 mV) (Figure 3.30 B). The negative 
surface charge density of ZnO NCs provided an efficient electrostatic stabilization of the 
fluorido-capped nanoparticles. The FT-IR spectrum after the surface functionalization of the 
ZnO NCs with fluoride ions is presented in Figure 3.30 A (blue). The broad signal in the region 
of 3500–3100 cm-1 could rise from the vibrational modes of NH4
+ cations, N-H vibrations of 
residual MFA molecules as well as O-H groups of water. The latter signal was likely due to the 
high hydroscopicity of ammonium fluoride salt. Moreover, we cannot exclude the co-
stabilization of the ZnO NCs with OH- ions. For example, the oxoanions and polyoxometallate 
ligands were shown to have a high affinity to different metal oxides.98 We noticed that other 
halides could not form stable solutions of ZnO NCs which is in accordance to the HSAB 
principle.  
The high affinity of the fluoride ions to the zinc-terminated surface can be used to stabilize 
ZnO nanoparticles with rod-like morphology. The as-synthesized ZnO NRs with an aspect ratio 
~(20–70) nm/10 nm (length/diameter, respectively) were stabilized with hydroxide, acetate 
anions, and N-butylamine.71 The latter is the essential ligand providing a colloidal stabilization of 
the ZnO NRs. In Figure 3.31 A (black) the FT-IR spectrum of as-synthesized ZnO NRs is 
presented. The broad band from 3600–3100 cm-1 can be assigned to O-H and N-H stretches, and 
peaks at 3100–3000 cm-1 are characteristic to C-H stretching modes, while the signal at  
1600 cm-1 could be attributed to N-H bending of N-butylamine molecules.  
To remove the capping ligands from the NC surface, the ZnO NRs were thoroughly 
washed by multiple precipitation and redispersion steps. The thoroughly washed ZnO NRs were 
no longer dispersible in the original solvent (a mixture of chloroform and methanol) and did not 
have characteristic vibrational modes of the pristine ligands as was revealed by FT-IR 
spectroscopy (Figure 3.31 A, brown). The ligand-free ZnO NRs can be redispersed in PC only 
after the addition of ammonium fluoride. The broad signal in the region of 3100–3500 cm-1 had 
the same nature as described for F--capped ZnO NCs (Figure 3.31 A, purple). The fluoride ions 
stabilized the ZnO NRs resulting in a negative ξ-potential value (ξ = -19 mV), as seen in 
Figure 3.31 B and provided a stable colloidal solution of ZnO NRs in PC or MFA.  
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Figure 3.31. (A) FT-IR spectra of ZnO NRs (~(20–70) nm/10 nm = length/diameter aspect ratio) capped 
with N-butylamine (Bu-NH2) (black), ligand-free ZnO NCs after multiple washing (brown) and further 
functionalized with fluoride ions (purple). All spectra are vertically shifted for clarity. (B) Electrophoretic 
mobilities and electrokinetic (ξ) potentials acquired by DLS technique for dispersions of the same ZnO 
NRs before ligand exchange (black) and after capping with F
-
 (purple).  
 
The absorbance spectra of the quasi-spherical and rod-like ZnO NCs in PC are presented in 
Figure 3.32. A slight hypsochromic shift observed for the ZnO NRs could be a result of partial 
surface etching due to extensive washing of the NCs. The PL efficiency of the solutions of ZnO 
NCs and ZnO NRs was negligible, showing only a broad trap-emission band. The PL QY of the 
intrinsic emission of the inorganic-capped ZnO NCs is required to be further improved for 
example, via inorganic shelling or photochemical etching leading to the elimination of oxygen 
vacancies.72 
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Figure 3.32. Absorbance spectra of ZnO NCs with quasi-spherical (A) and rod-like (B) morphology. (A) 
ZnO NCs, capped with organic ligands (OL, black), ligand-free ZnO NCs (green) and stabilized with F
-
 
ions in PC (blue); (B) as-synthesized ZnO NRs, capped with N-butylamine (black) and F
-
 ions in PC 
(purple). All spectra were normalized at 300 nm. 
 
The TEM images unveiled the retention of the size and shape of the NCs after the 
exchange with the inorganic ligands (Figure 3.33). EDX measurements indicated the presence of 
the fluorine in ZnO NCs after the ligand exchange. 
 
 
Figure 3.33. Overview TEM and HRTEM (insets) images of (A) ~5 nm quasi-spherical ZnO NCs and (B) 
ZnO NRs (~(20–70) nm/10 nm = length/diameter aspect ratio) stabilized with fluoride inorganic ligands.  
 
In conclusion, the surface of ZnO nanoparticles with quasi-spherical and rod-like 
morphology can be modified and functionalized with tiny fluoride ions using a two-step 
approach of ligand-exchange. The inorganic ligands have a high affinity to the zinc-terminated 
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NC surfaces and easily form stable colloidal solutions of the NCs in polar solvents such as MFA 
and PC. These inorganic ligands can substitute oxygen in the host oxide lattice or occupy oxygen 
vacancy sites due to similar ionic sizes.109 The dispersion of these low-toxic fluorido-capped 
ZnO NCs can be attractive for diverse electronic applications.  
 
3.6. Organic-Inorganic Hybrid Functionalization of Cadmium Chalcogenide 
Nanocrystals for Tuning Colloidal Solubility and Self-Organization of the Inorganic-
Capped Nanocrystals 
 
The post-synthetic ligand exchange of organic-capped cadmium chalcogenide NCs with 
halides, pseudohalides and complex halogenidometallates, showing strong binding affinity to the 
NC surface extends the chemistry of all-inorganic NCs as well as their practical applicability. 
The ligand replacement with these inorganic species proceeded quantitatively to completion and 
led to the transfer of NCs from nonpolar to highly polar solvents with the formation of stable NC 
dispersions. In its own turn, a success of the replacement is restricted by the specific 
requirements to solvents such as high static dielectric constant, well-balanced Lewis acidity and 
basicity. The proper combination of these solvent characteristics is of high importance to provide 
an efficient electrostatic stabilization of inorganic-capped NCs. We have to admit that the range 
of the polar solvents or their mixtures satisfying the above-mentioned requirements is quite 
scanty and is further required to be extended. The latter is necessary for a subsequent solution-
based processing and applications of the NCs. At the same time, the long-range electrostatic 
repulsion of the all-inorganic NCs results in a limited degree of ordering of the NC building units 
in assemblies. The presence of long-range ordering and regimentation between individual 
building units is highly desirable for an efficient charge carrier transport in the NC assembly.74 
Herein, we demonstrate a simple approach to efficiently tune the surface functionality of 
the inorganic-capped cadmium chalcogenide NCs. Consequently, the range of solvents and other 
media in which the inorganic-capped NCs can be dispersed is greatly extended. This is achieved 
by functionalization of the surface of the all-inorganic cadmium chalcogenide NCs with primary 
amines, resulting in a fast and quantitative transfer of the NCs from polar into nonpolar media. 
For example, the OLA-functionalized-inorganic-capped CdSe NCs were easily soluble in hexane 
or toluene, whereas N-butylamine (Bu-NH2) provided stable solutions in chlorinated solvents 
such as chloroform, chlorobenzene, etc. Since N-butylamine is a volatile and relatively short 
organic ligand, the subsequent surface modification of the inorganic-capped CdSe NCs with 
these organic molecules is especially attractive for practical applications and will be considered 
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in detail. N-butylamine-capped CdSe NCs were shown to lose the organic molecules (>99 %) at 
200°C under standard pressure.138  
In this subchapter, we mainly focused on the subsequent surface functionalization of 
single-component CdSe NCs and two-component CdSe/CdS-6ML NCs, stabilized with I--ions, 
Ga-I- and Zn-I-complex inorganic ligands with N-butylamine molecules. This approach worked 
well for all other inorganic-capped cadmium chalcogenide NCs studied above. Despite the 
seeming universality of the new method for the subsequent surface functionalization of the 
inorganic-stabilized cadmium chalcogenide NCs, different mechanisms are likely to be involved 
and are dependent on the nature of the inorganic ligands providing electrostatic stabilization of 
the NCs. Although, possible mechanisms are discussed here, more experimental data are still 
required for the unambiguous confirmation. The scheme presenting the ligand exchange of 
organic ligands with inorganic ions and the subsequent functionalization of these inorganic-
capped NCs with N-butylamine molecules is shown in Figure 3.34.  
 
Figure 3.34. Scheme of the organic-to-inorganic ligand exchange with the subsequent surface 
functionalization of all-inorganic NCs with N-butylamine resulting in the organic-inorganic hybrid 
capping of the NCs. 
 
The absorbance and normalized emission spectra of inorganic-capped 4.5 nm CdSe NCs as 
well as two-component 7.5 nm CdSe/CdS-6ML NCs (with CdSe core size of 3.4 nm) before and 
after surface functionalization with N-butylamine are shown in Figures 3.35–3.36. The exciton 
features in the absorbance spectra of the quasi-spherical CdSe and CdSe/CdSe-6ML NCs 
remained almost unchanged after capping the inorganic-stabilized NCs with N-butylamine 
molecules, confirming minimal changes both in size and size-distribution of the NCs. As one can 
see, in contrast to the inorganic-capped CdSe NCs, the partial recovery of the PL characteristics 
was observed for N-butylamine-modified CdSe NCs. The calculated values of PL QY were 
around 1–2 % for Bu-NH2/inorganic-capped CdSe NCs in chloroform which was still less than 
for original organic-capped CdSe NCs in the same solvent (QY ~ 7 %) (Table 3.5). The slight 
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increase of the values of FWHM for the Bu-NH2/inorganic-capped CdSe NCs (~26 nm), 
compared to original organic-capped CdSe NCs (~24 nm) was consistent with small changes in 
the size and size distribution of the CdSe NCs upon surface modification with inorganic ligands 
and their subsequent functionalization with N-butylamine.  
 
 
Figure 3.35. (A) Absorbance spectra of the inorganic-capped 4.5 nm CdSe in MFA or MFA/HMPA 
mixture and (B) the same NCs additionally functionalized with N-butylamine in chloroform. (C) PL 
emission spectra of Bu-NH2/inorganic-capped CdSe NCs in chloroform with the calculated values of the 
PL QYs. The initial organic-stabilized 4.5 nm CdSe were dispersed in chloroform (CdSe(OL)). All 
absorption spectra are vertically shifted for clarity. The inset shows a digital image of 4.5 nm CdSe NCs 
capped with organic ligands in chloroform (OL), with Ga-I-complex ligand in MFA/HMPA mixture (Ga-
I) and with Bu-NH2/Ga-I-complex ligands in chloroform (Ga-I/Bu-NH2).  
 
In its own turn, the Bu-NH2/I
- and Bu-NH2/Ga-I-complex-stabilized CdSe/CdS-6ML NCs 
showed a pronounced enhancement of QYs compared to the all-inorganic-capped NCs, while the 
PL QY of the Bu-NH2/Zn-I-complex-stabilized CdSe/CdS-6ML NCs was slightly increased 
(Table 3.5). For example, for the I--capped CdSe/CdS-6ML NCs the PL QY changed from an 
initial 43 % to 58 % after treatment with N-butylamine. Contrary, lower PL QY values for the 
Zn-I-complex- and Bu-NH2/Zn-I-complex-capped CdSe/CdS-6ML NCs were determined as 
25 % and 27 %, respectively. These tendencies can be attributed to a different surface 
passivation with the hybrid organic-inorganic capping layer and need to be considered in more 
detail. 
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Figure 3.36. (A–C) Absorbance (solid) and steady-state PL spectra (dashed) as well as (D–F) the 
magnified absorbance area of 7.5-nm CdSe/CdS-6ML NCs stabilized with organic ligands (OL) in 
chloroform (black), after ligand exchange with inorganic ligands in MFA or MFA/HMPA (red), and after 
subsequent passivation of the inorganic-capped NCs with N-butylamine in chloroform (blue). The 
inorganic ligands used for stabilization of the CdSe/CdS-6ML NCs included: I
-
-(A, D), Ga-I-complex- 
(B, E) and Zn-I-complex ligands (C, F). The calculated PL QYs are also presented. The CdSe core 
diameter was 3.4 nm. All absorbance spectra were normalized to the intensity of the first exciton 
transition. Absorbance spectra (D–F) are shifted for clarity.  
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Table 3.5. PL QYs before and after inorganic ligation and subsequent surface functionalization 
of the inorganic-capped CdSe and CdSe/CdS-6ML core/shell NCs with N-butylamine using 
Rhodamine-101 (QY = 95 %) and Rhodamine 6G (QY = 92 %) as standards 
NCs, (inorganic 
ligand) 
QY of the organic-
capped NCs (before 
ligand exchange),  % 
QY of the all-
inorganic-capped NCs 
(after ligand 
exchange),  % 
QY of the Bu-
NH2/inorganic-capped 
NCs (after surface 
functionalization with 
N-butylamine),  % 
CdSe (I-) 7 - 2 
CdSe (Ga-I-complex) 7 - 2 
CdSe (Zn-I-complex) 7 - 1 
CdSe/CdS-6ML (I-) 61 43 58 
CdSe/CdS-6ML (Ga-
I-complex) 
61 43 52 
CdSe/CdS-6ML (Zn-
I-complex) 
61 25 27 
 
The Owen group minutely studied organic-to-organic ligand exchange of oleate-capped 
CdSe NCs with neutral L-type ligands such as amines, alcohols as well as tri-N-
butylphosphine.101 These L-type donors were shown to displace metal carboxylate complexes in 
the form of L-Cd(O2CR)2, where R – an alkyl tail. This ligand replacement, named as L-
promoted Z-type ligand displacement led to shifts of the lower energy exciton and (or) changing 
in splitting between the first and the second features in the absorbance spectra.101,129 Despite the 
absence of any changes in the absorbance of the inorganic-capped CdSe and CdSe/CdS-6ML 
NCs before and after surface functionalization with N-butylamine, the blue shift of the maximum 
in the PL was especially pronounced for Bu-NH2/Zn-I-complex-capped CdSe and CdSe/CdS-
6ML NCs (Figures 3.35–3.36).  
The results of ICP-OES data unveiled that the relative ratio of Cd : Se : I was only slightly 
changed for I- and Ga-I-complex-capped CdSe NCs after addition of N-butylamine (Table 3.6). 
This leads to the conclusion that iodide and gallium-iodide-complex ligands strongly tethered to 
the NC surface were not detached after the treatment with N-butylamine. At the same time, the 
content of gallium decreased after the surface functionalization for Bu-NH2/Ga-I-complex-
stabilized CdSe NCs, compared to the Ga-I-complex-stabilized NCs. The N-butylamine 
molecules were probably to modify the labile diffusion region around the particle, balancing the 
charged NC surface with polar head groups, while the nonpolar aliphatic tail provided the steric 
stabilization in chloroform. 
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Table 3.6. Elemental atomic ratios in 4.5 nm CdSe NCs, capped with organic, inorganic and 
hybrid N-butylamine/inorganic ligands, estimated using ICP-OES 
NC/Ligand Elements/Ratio 
CdSe (I-) Cd : Se : I = 1.07 : 1.00 : 0.09 
CdSe (I-)/(Bu-NH2) Cd : Se : I = 1.06 : 1.00 : 0.10 
CdSe (Ga-I-complex) Cd : Se : I : Ga = 1.08 : 1.00 : 0.11 : 0.19 
CdSe (Ga-I-complex)/(Bu-NH2) Cd : Se : I : Ga = 1.08 : 1.00 : 0.10 : 0.04 
CdSe (Zn-I-complex) Cd : Se : I : Zn = 1.07 : 1.00 : 0.09 : 0.21 
CdSe (Zn-I-complex)/(Bu-NH2) Cd : Se : I : Zn = 1.00 : 1.00 : 0.04 : 0.09 
 
Surface chemistry was altered much stronger for Zn-I-complex-capped CdSe NCs after the 
addition of N-butylamine compared to Bu-NH2/I
- and Bu-NH2/Ga-I-complex-stabilized CdSe 
NCs (Table 3.6). The contents of both iodide and zinc species decreased after adding N-
butylamine. It can be attributed to the high affinity of Zn-containing species to amines. Plenty of 
complexes with different compositions are known in the coordination chemistry for Zn-amine 
compounds. This additional preferable binding of N-butylamine to Zn-I-complex-inorganic 
ligands made them good leaving groups from the NC surface. This process resulted in rather 
ligand exchange of inorganic Zn-I-complexes with organic N-butylamine molecules than in the 
expected additional surface functionalization of the inorganic-capped NCs. The former process is 
undesirable since surface properties can be significantly deteriorated. This replacement is 
reminiscent of the substitution mechanism proposed by Owen et al. as described above.129 
In its own turn, that undesired pathway seems to be not applicable for I- and Ga-I-complex-
capped CdSe and CdSe/CdS-6ML NCs. Since N-butylamine as a neutral L-type ligand is 
unlikely to be able to coordinate the negatively charged NC surface in a nonpolar solvent while 
preserving charge neutrality conditions, we can assume that protons can play a special role in the 
surface functionalization of the inorganic-capped NCs. MFA is known as the strongest H-bond 
solvent among the non-alcohols and is a source of protons, mediated the modification of the 
diffusion layer around the inorganic NCs.117 Indeed, the attempts to perform the surface 
functionalization of these inorganic-capped NCs dissolved in aprotic PC were only partly 
successful resulting in a partial transfer of the NCs in chloroform. The increased PL QYs which 
were observed for the all-inorganic-capped CdSe NCs after the functionalization with N-
butylamine can be attributed to the additional passivation of both cadmium and selenium (or 
sulfur) centers on the surface of the NCs which were not completely passivated by the all-
inorganic species.  
A direct evidence for the coordination of N-butylamine molecules to the NC surface was 
provided by 1H NMR spectroscopy. 1H NMR spectra of Bu-NH2/I
- and Bu-NH2/Ga-I-complex-
stabilized CdSe NCs in CDCl3 are presented in Figure 3.37 (red spectra). The binding of N-
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butylamine to the NC surface resulted in a significant broadening and overlapping (in the range 
of 0.5–2 ppm) of its NMR signals due to slower tumbling and, therefore, slower relaxation of the 
adhered molecules. Moreover, a different environment of the organic moieties caused resonance 
shifts as stated above.128–130 Remarkable, that the signals recognized at δ = 2.72 ppm and 
δ = 8.07 ppm (Figure 3.37, red spectra) are attributed to MFA adhered to the NC surface, 
confirming its co-stabilization of the NCs together with inorganic ligands and Bu-NH2 
molecules.  
 
 
Figure 3.37. 
1
H NMR spectra of the CdSe (Ga-I-complex)/(Bu-NH2) (red) (A) and CdSe (I
-
)/(Bu-NH2) 
(red) (B) NCs dispersed in CDCl3. The spectra of the solvent CDCl3 (green), and Bu-NH2 (blue) are 
presented as well.  
 
The original all-inorganic-capped NCs with strong long-range electrostatic repulsion can 
hardly self-assemble into ordered structures, presumably because of a suppressed ability to carry 
out dynamic structural reorganization at short distances on the late stage of solvent 
evaporation.106 In contrast, a short-range steric stabilization of N-butylamine-functionalized-
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inorganic-capped CdSe NCs enables the facile formation of ordered structures from various 
chlorinated solvents upon mild drying. The organic-inorganic hybrid functionalization of the 
cadmium chalcogenide NCs improved the ability of the NCs to form ordered assemblies as seen 
from TEM images for 4.5 nm Bu-NH2/I
- and Bu-NH2/Ga-I-complex-stabilized CdSe NCs 
(Figure 3.38). These NCs tended to form a hexagonal close-packed ordered lattice. Further steps 
should be directed to form long-range ordered NCs via optimal destabilization conditions such as 
proper solvents, temperature and pressure.14,139 
 
 
Figure 3.38. TEM images of (A, C) the Bu-NH2/I
-
 and (B, D) Bu-NH2/Ga-I-complex-stabilized CdSe NCs 
with the size of 4.5 nm.  
 
In summary, we presented a new approach to the surface functionalization of all-inorganic-
capped CdSe and CdSe/CdS NCs with simple and relatively short N-butylamine molecules, 
resulting in the transfer of the NCs from a limited range of highly polar solvents into plenty of 
chlorinated nonpolar solvents. In spite of the universality of the method, the involved 
mechanisms of the surface modification seem to be rather complex and can be strongly 
dependent on the nature and composition of the initial inorganic ligands. This may lead to 
altering the optical and electronic properties of the organic-inorganic hybrid NCs compared to 
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the inorganic-capped counterparts. The steric stabilization of these NCs facilitated the formation 
of regular and ordered NC structures upon solvent evaporation which are highly important for 
minimizing structural and packing disorders in NC-based solids. More detailed studies of these 
new organic-inorganic hybrid nanoscale materials are required and will be continued.  
 
3.7. Conclusions  
 
Successful surface modification of diverse single- and two-component semiconductor NCs 
– PbS, PbSe, PbTe, CdS, CdSe, ZnO, PbSe/PbS and CdSe/CdS core-shell NCs with the robust 
and easy-to-handle inorganic ligands such as halides (I-, Br-, Cl-, F-), pseudohalides (N3
-) and 
complex halogenidometallates (In-Cl-, Ga-I-, Zn-I-complex) was demonstrated. These inorganic 
ligands expanded the versatility of all-inorganic colloidal NCs and their potential application 
areas. To perform organic-to-inorganic surface modification of NCs, a new approach to the 
ligand exchange was introduced in this work. It enables not only the efficient and fast 
replacement of the pristine organic molecules with the inorganic species but also to preserve the 
colloidal stability of the NCs in polar solvents in a broad concentration range. NCs of virtually 
any shape (quasi-spherical, cubic, rod- and wire-like) and size (from 3 nm in diameter to NWs 
with lengths up to 20 µm) could be stabilized with the inorganic ions to form stable colloidal 
solutions. All nanoscale building blocks preserved the electronic structure of the original 
quantum-confined semiconductors. Moreover, the CdSe/CdS NCs stabilized with simple halides 
and complex metal-halide-ligands mainly retained the photophysics of the organic-capped NCs. 
This makes all-inorganic-capped NCs highly attractive for further applications in the form of all-
inorganic macroscopic NC-based assemblies. 
To characterize NCs before and after ligand exchange as well as to obtain information 
about the NC-ligand bonding and capping-layer structure, a suite of spectroscopic, scattering and 
imaging techniques was used.  
Key aspects of inorganic ligation of the NCs in the solution phase such as solvent 
properties and ligand affinity to the NC surface were discussed in detail and are of high 
importance for the efficient surface modification and functionalization of the NCs.  
To extend the range of colloidal solubility of the all-inorganic NCs as well as to improve 
the ability to form a long-range ordering between individual building units in NC assembly, a 
new promising concept was introduced. The concept implies the additional surface 
functionalization with N-butylamine molecules resulting in a transfer of the NCs from polar 
solvents into plenty of chlorinated nonpolar solvents. The steric stabilization of these hybrid-
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capped NCs facilitates the formation of ordered NC structures upon solvent evaporation, which 
is highly important for minimizing structural and packing disorders in NC-based arrays.  
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Chapter 4 
 
 
 
 
Optical and Electronic Properties of Nanocrystal Solids. 
Applications of Nanocrystal Building Units in  
Solution-Processed Field-Effect Transistors 
 
 
Optical and transport characteristics of NC solids based on the monodisperse quasi-spherical 
CdSe, PbSe and CdSe/CdS NC building units capped with diverse inorganic species such as I-, 
Cl-, In-Cl-complex, Ga-I-complex, and Zn-I-complex ligands as well as hybrid Bu-NH2/Ga-I-
complex and Bu-NH2/Zn-I-complex ligands were studied in detail with a special focus on their 
relevance to low temperature, solution-processed field-effect transistor (FET) applications. It 
was demonstrated that inorganic capping ligands can provide not only stable dispersions of the 
NCs and short interparticle distances in the corresponding NC solids but can additionally control 
doping and passivation of the surface trap states upon mild heat treatment, leading to enhanced 
electronic coupling in the NC-based arrays.  
The FETs based on these NC solids were shown to be able to combine high electron mobility, 
high current modulation values, low operation voltage and hysteresis behavior while preserving 
quantum-confinement characteristics of the NC building units. Moreover, the low temperature 
post-synthetic infilling of NC-based films with amorphous alumina via atomic layer deposition 
technique was successfully adapted leading to an enhanced environmental stability of n-channel 
FETs. All of these make the nanoscale materials attractive for diverse low-cost and large-area 
electronic and optoelectronic applications.  
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4.1. Introduction 
 
Tremendous progress achieved in colloidal chemical synthesis of diverse NCs enables to 
prepare nanoscale building units with unprecedented compositional and morphological 
tunability, crystal phase homogeneities and impressively narrow size distribution. The control 
over the surface chemistry of these colloidal NCs significantly extends the great potential of their 
application-targeted opportunities. Recent success of the surface modification of NCs with 
inorganic species brought NC-based materials into the arena of practical applications which 
relies on an efficient charge transport. It was shown that inorganic-capped colloidal NCs can be 
used as promising building blocks for solution-processed FETs,30,88,89,92,93,140,141 
photodetectors,142,143 light-emitting diodes,144–148 solar cells,96,97,149–152 and thermoelectric 
applications.90,153–156  
Today there is a growing interest in the development of low cost and solution-processed 
alternatives to traditional crystalline inorganic semiconductors.74 The latter offers superior 
characteristics in terms of charge carrier mobilities, light absorption, environmental, and thermal 
stabilities. However, they are difficult to be formed by using inexpensive processes. 
Crystallization of inorganic semiconductors requires a high-temperature treatment, and their 
costly processing is not compatible, for example, with the production of large-area devices, e.g. 
active-matrix liquid crystal displays. All of these force trade-offs between the device 
performance, fabrication costs and compatibility with flexible plastic substrates. Colloidal NCs 
as preformed solution processable fragments of inorganic semiconductors seem to be good 
candidates for manufacturing of low-cost and large-area devices. Stable dispersions of diverse 
semiconductor NCs are well-suitable for solution-based processing such as spin-, spray- and dip-
coating as well as inkjet-printing, while offering substantial cost reductions for the fabrication of 
electronic and optoelectronic devices. Moreover, colloidal NCs can be easily combined with 
novel materials like organic semiconductors and carbon nanotubes to form hybrid structures with 
novel functionalities. 
In this chapter, we consider the prospects of colloidal semiconductor NCs as solution-
processed nanoscale building blocks for solid-state electronic devices with a special focus on 
their relevance to FET applications. NC-based thin-film FETs are technologically interesting 
because they could serve as the main component in cheap and flexible electronic circuits. 
Scientifically, semiconductor NCs show characteristics both similar to and different from 
amorphous silicon and organic semiconductors. On the other hand, the FET configuration was 
proven to be convenient to estimate electronic properties of the NC-based solids.  
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We studied the transport characteristics of diverse single-component CdSe, PbSe NCs and 
two-component CdSe/CdS NCs stabilized with all-inorganic ligands such as iodide, chloride and 
indium-chloride, gallium-iodide and zinc-iodide complex ligands. Moreover, promising 
electronic properties of CdSe NCs capped with hybrid N-butylamine/inorganic ligands were 
demonstrated as well.  
Significant attention in this work was drawn to preserving the quantized electronic 
structure of the NC building blocks and providing a strong interparticle coupling between them. 
In its own turn, this can be a challenging task. The performance of NC-based solid-state 
materials depends both on the properties of the individual NC building blocks and the strength of 
the interparticle coupling between the individual NCs in NC solids. All-inorganic-stabilized NCs 
studied above enable closely spaced NCs favoring interparticle coupling. Unfortunately, a large 
concentration of surface trap states, mainly induced by the ligand exchange, may pose a 
significant problem and decrease the low intrinsic concentration of the mobile charge carriers, 
and finally, diminish interparticle coupling. An appropriate control of the free carrier 
concentration via surface trap passivation and doping was demonstrated to lead to improved 
transport properties of the NC solids, but still remains a significant challenge and often 
associates with complex post-synthetic treatments or toxic materials incompatible with many 
device fabrication methods.88,140,157  
In the current work, we demonstrated on the example of chlorido- and indium-chlorido-
capped CdSe NCs that a proper choice of the inorganic capping species can provide not only 
short interparticle distances but additionally control the doping and passivation of surface trap 
states, leading to an enhanced electronic coupling in the NC-based arrays. For example, the 
indium-chlorido-capped 4.5 nm CdSe NC-based thin-film FET reach a saturation mobility of 
4.1±0.6 cm2/(V·s) accompanied by a low hysteresis after heat treatment at relatively low 
temperature (190°C). 
At the same time, the high performance of thin-film FETs is determined not only by high 
values of mobility but also by other parameters such as high current-modulation ratio, low 
hysteresis, low operating voltage, low subthreshold swing, etc. (see below). In its own turn, these 
performance metrics of FETs are strongly dependent on the properties of the NC-based 
assemblies, device architectures, the choice of electrodes and gate dielectric, processing and even 
characterization conditions.158 A special focus in the current work was directed to optimize some 
of these characteristics.  
To address the problems of air-stability of n-type semiconductor NCs, we adapted 
advantages of post-synthetic atomic layer deposition (ALD) technique originally proposed by the 
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Guyot-Sionnest group to increase the photosensitivity and improve mechanical properties of 
CdSe and CdSe/CdS NC thin films.159 Al2O3-infilled iodido-capped 4.0 nm PbSe NC-based 
films showed both enhanced FET performance and pronounced environmental stability, which 
makes them technologically very attractive.  
 
4.2. Structure, Operation, and Performance Metrics of Insulated-Gate FETs 
 
A typical FET is a three terminal field-effect device, which working principle relies on the 
modulation of the current flowing in a conducting channel of a semiconductor between two 
electrodes (source and drain) by means of a variable voltage applied to a third electrode (gate). 
The gate electrode is capacitively coupled to the transistor channel through a thin layer of an 
insulating material (gate dielectric). When no potential is applied to the gate electrode, the free 
carriers are homogeneously distributed within the entire layer of the semiconductor. A bias 
applied to the gate electrode leads to polarization of the dielectric layer and generation of an 
electric field in the channel. This field attracts and accumulates electric charges of opposite sign 
in a thin layer at the interface between the semiconductor and gate insulator. Depending on the 
initial type and concentration of carriers in the channel, the additional charges can either deplete 
the transistor channel, increasing its resistance, or provide an effective doping boosting up the 
current flowing between source and drain electrodes. By controlling the gate voltage, the current 
through the semiconductor channel can easily be flipped on and off enabling signal amplification 
and logic operations.160 One of the most popular FETs along with metal-oxide-semiconductor 
FET (MOSFET) configuration is a thin-film transistor (TFT), originally proposed by Weimer.161 
This type of FET will be further used to characterize the NC-based solids in the present work 
(Figure 4.1).  
 
 
Figure 4.1. Schematic image of a NC-based FET with “bottom gate/bottom contact” configuration. L and 
W present transistor channel length and width, respectively. Source, drain and gate electrodes of the 
three-terminal device are also shown.  
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It is important to note that NC-based FETs may be competitive candidates for novel and 
even existing TFTs requiring large-area coverage, structural flexibility, and low cost. Such TFTs 
can find applications as radio-frequency tags, sensors, “smart cards”, and flat panel displays, in 
which they can be used to switch on and off liquid crystal-based pixels.162 
For device applications, it is essential to be able to pass high currents through the transistor 
channel. This puts some important requirements on the design of practical NC-based FETs: 
1. The coupling energy between individual NCs should be high enough to enable a 
fast transport of the charge carrier in NC solids;74 
2. Since the charge accumulation and the transport in FETs takes place at and very 
close to the interface between the gate dielectric and the semiconductor, properties of this 
interface and the dielectric have a huge influence on device characteristics.93,158  
In this work, we used thermally grown SiO2 (ε ~ 3.9) with thicknesses of 100 nm and 
300 nm, and a very thin layer (~10 nm) of sol-gel-processed ZrOx dielectric (ε ~ 9) (see 
Appendix A for more details) (Figure 4.2). The latter allows for increasing the amount of 
induced charges per applied gate voltage and provides the strong capacitive coupling between 
the channel and the gate. Moreover, a surface of the ZrOx gate dielectric was additionally 
passivated with hexamethyldisilazane (HMDS) to significantly decrease the gate current leakage 
and concentration of hydroxyl groups at the surface of the dielectric, acting as electron traps.163 It 
is important to mention that this passivation resulted in a highly hydrophobic surface, which is 
not suitable for a film preparation from polar solvents such as MFA, PC, etc.  
 
 
Figure 4.2. Schematic images of NC-based FETs with “bottom gate/bottom contact” (A) and “bottom 
gate/top contact” (B, C) configurations used for characterization of the NC solids. A gate dielectric is 
either thermally grown SiO2 (A–B) or sol-gel processed ZrOx passivated with HMDS (C). A gate electrode 
is degenerately doped silicon (Si++), source and drain electrodes are made of gold (Au) (A) or aluminum 
(Al) (B, C).  
 
3. The electrodes should form low resistance, ideally ohmic nonrectifying contacts to 
the NC solid. Otherwise, a potential barrier formed at the electrode-channel interface will be 
responsible for an inefficient charge carrier injection (extraction). Depending on the mobility of 
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a semiconductor, on a channel length and on a gate voltage, the contact resistance can become 
significant or even larger than the channel resistance and thus dominate the device 
performance.158 Comparing work functions of metals (φ) with HOMO/LUMO levels of a 
semiconductor can help to determine whether the charge injection is likely and whether high or 
low contact resistance is to be expected. Gold contacts (φ = 5.1 eV) are more suitable for the 
injection of holes into the HOMO level of p-type semiconductors, while aluminum (φ = 4.0 eV) 
– for the injection of electrons into the LUMO level of n-type semiconductors. These two metals 
were used as source and drain electrodes (Figure 4.2). It is important to outline that the simple 
Mott-Schottky model is not always sufficient to describe the contacts.158 Often, the interface 
exhibits an additional dipole barrier that tends to change the metal work function and hence the 
interface barrier height.  
4. The physical nature of a semiconductor, employed gate dielectric or processing 
conditions may require or enable different device structures that can show very different 
transistor behavior. In terms of the position of the active layer, gate insulator and source/drain 
electrodes, most common FET structures are “top contact/top gate” (coplanar), “bottom 
contact/bottom gate” (inverted coplanar), “top contact/ bottom gate” (inverted staggered), 
“bottom contact/ top gate” (staggered).162 In the current work we used FETs with “bottom 
contact/bottom gate” and “top contact/ bottom gate” configurations (Figure 4.2). The first 
configuration is based on degenerately doped silicon substrates coated with a thermally grown 
SiO2 gate oxide and gold pre-patterned source/drain electrodes (Figure 4.2 A). This 
configuration is commercially available and widely used for the characterization of 
semiconductor materials. However, the charge carrier injection and extraction take place in the 
region of the channel, mainly close to the edges of the electrodes. In this case, even slight 
morphological imperfections can lead to performance limitations of the bottom-contact FET. On 
the other hand, “bottom gate/top contact” configuration addresses the need for an efficient 
overlap between the gate and source/drain electrodes, thus providing good carrier injection at the 
contacts (Figure 4.2 B–C). In this configuration, the charge carriers can be injected from an 
extended area of the source electrode into a semiconductor channel, making the devices less 
affected by contact resistances compared to the “bottom gate/bottom contact” configuration. At 
the same time, the performance of a FET with top contacts is sensitive to the thickness of the NC 
layer, since the injected charge carriers have to travel through the semiconductor layer before 
they reach the conductive channel. Additionally, the relatively high parasitic capacitance 
between the gate and source/drain electrodes can affect the performance of top-contact FETs.  
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The most important static metrics of a NC-based FET which can be extracted from the 
output (ID–VD) and transfer characteristics (ID–VG) are mobility (µ), current modulation value 
(Ion/Ioff), threshold voltage (Vth) and subthreshold swing (S). 
The current-voltage characteristics in the different operating regimes of TFTs can be 
analytically described based on MOSFET equations, considering the absence of non-ideal effects 
such as series resistance, channel length shortening, and a negligible dependence of mobility on 
gate bias:162,164 
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where ID – source-drain current, L – channel length and W – channel width, VS, VD are the 
channel potentials adjacent to the source and drain contacts respectively, Vth – the threshold 
voltage, µ – mobility, Ci – the capacitance per unit area of the gate dielectric:  
d
Ci
0εε=           (4.2) 
where ε0 – electric permittivity of free space (8.85·10
-12 F/m), ε – static dielectric constant (or 
relative permittivity) of a dielectric, d – dielectric layer thickness.  
In electronic circuits, voltage is usually applied to the gate electrode (VG) and the drain 
(VD) electrode, while the source (VS) is usually grounded.  
At low VD, a linear gradient of charge density from the carrier injecting source to the 
extracting drain forms, and the current flowing through the channel is directly proportional to 
VD. Under these conditions, the FET operates in a linear regime.  
In the linear regime, where roughly |VG–Vth| > 3|VD|, the drain current ID can be simplified 
as: 
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and the field-effect or linear mobility (µlin) is calculated from the transconductance (gm) by 
plotting ID vs VG at a constant VD: 
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At high VD, a point VD = VG–Vth is reached, at which the channel is “pinched off”. That 
means, a depletion region forms next to the drain because the difference between the local 
potential and the gate voltage is now below the threshold voltage. Further increasing the source-
drain voltage will not substantially increase the current but will lead to an expansion of the 
depletion region, and thus to a slight shortening of the channel. This FET operates in a saturation 
regime.  
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In this regime, where VD ≥ (VG–Vth), the drain current ID and the saturation mobility (µsat) 
can be expressed as: 
2)(
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µ
        (4.5)
 
and the saturation mobility (µsat) is calculated from the slope ID
1/2 vs VG as: 
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The mobility (µ) is a parameter that defines the efficiency of carrier transport in the 
semiconductor material, affecting directly the maximum current (ID) and operating frequency of 
the devices. In NC solids, the mobility is sensitive to the strength of the interparticle coupling, 
which depends on the presence of band-tail and deep-state trap states, the interparticle medium, 
packing density, mutual orientation of the NCs, electronic and structural disorders, etc.162 The 
presence of trap states at the semiconductor/dielectric interface can additionally affect the FET 
mobility. There are a number of different methodologies used for the calculation of the mobility 
such as effective (µeff), average (µav), incremental (µinc), linear (µlin) and saturation (µsat) 
mobility.160 In this chapter, we calculated linear and saturation mobilities for NC-based solids 
from the forward gate voltage sweep as described above. These mobilities are mainly used to 
characterize solution-processed FETs. 
Current modulation value (Ion/Ioff) is defined as the ratio of the maximum to the minimum 
ID. The minimum ID is generally given by the noise level of the measurement equipment, the 
transient or leakage current, while the maximum ID depends on the mobility of the 
semiconductor and the capacitance of a gate dielectric. On/off current ratios above 103 are 
typically obtained for organic and NC-based FETs, while a larger value is required for their use 
as electronic switches. 
The response of current flowing through the FET to the applied gate voltage depends on 
the type of majority carriers in the transistor channel.74 If the NCs are n-type conductive, a 
negative gate bias depletes electrons in the channel switching off the device. FET switches from 
conducting to insulating states (or vice versa) when the bias applied to the gate approaches the 
value called threshold voltage (Vth). This value depends on the parameters of semiconductor 
(such as its initial doping level, the presence of band-tail, deep trap states, etc.), gate dielectric 
and semiconductor/gate dielectric interface. Depending upon the type of majority carriers and 
whether Vth is positive or negative, the device can operate either in enhancement or depletion 
mode. Both modes are useful, but generally, the enhancement mode is preferable because no VG 
is required to turn the transistor off, simplifying the circuit design and minimizing the power 
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dissipation. The values of threshold voltage of the NC-based solids were extracted from the ID
1/2 
vs VG plot at high VD. 
Additionally to Vth, the concept of turn-on (onset) voltage Von is used. This value presents 
the voltage at which the drain current abruptly increases above a defined low off-current level.160 
The voltage required to increase the drain current by a factor of 10 is defined by the 
subthreshold swing (S):  
)( D
G
LogId
dV
S =           (4.7) 
This value mainly depends on the gate dielectric capacitance and trap states at the 
interfaces. Small values of subthreshold swing lead to a higher operation speed and a lower 
power consumption. To decrease the subthreshold swing, we replaced the SiO2 gate dielectric 
with a ZrOx layer having much higher areal capacitance (Ci).  
 
4.3. Optical and Transport Characteristics of CdSe and CdSe/CdS NC Solids§ 
 
Glassy thin-films of the 4.5 nm CdSe and 6.0 nm CdSe/CdS-4ML NCs capped with 
inorganic ligands such as chloride and indium-chloride complex were spin-coated onto a quartz 
substrate for optical characterization or p-doped silicon wafers with a 300 nm SiO2 dielectric 
layer for FET measurements. Additionally, thin-films based on 4.5 nm CdSe NCs stabilized with 
iodide, gallium-iodide- and zinc-iodide-complex ligands before and after surface 
functionalization with N-butylamine were characterized. All thin-films were thermally annealed 
at 190°C for 30 min. This temperature is required to remove the rest of the solvents and form all-
inorganic NC solids that preserve their quantum confinement characteristics (see below). 
Additionally, the solution-processing at these moderate conditions is well-compatible with 
plastic substrates. 
Absorbance spectra of the films of inorganic-capped CdSe and CdSe/CdS-4ML NCs with 
chloride and indium-chloride-complex species as well as hybrid N-butylamine-functionalized-
iodido-, gallium-iodide-complex- and zinc-iodide-complex-capped CdSe NCs are presented in 
Figures 4.3–4.4.  
                                                           
§
 Parts of the section have already been published112 
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Figure 4.3. (A, B) Comparative optical absorbance spectra of thin films based on 4.5 nm CdSe NCs 
capped with chloride (A) or indium-chloride-complex ligands (B) before (red) and after (blue) heat 
treatment at 190°C for 30 min. The spectra of dispersions of CdSe NCs in MFA are also presented 
(black). (C) Absorbance and PL emission spectra of a thin film of chlorido-capped CdSe/CdS-4ML 
core/shell NCs after heat treatment at different temperatures for 30 min (colour). The spectra of a thin-
film of organic-stabilized CdSe/CdS-4ML NCs are additionally shown for comparison (black). All spectra 
of the films were normalized to the maximum of the lowest exciton energy transition.  
 
As one can see from Figure 4.3 A–B, the Cl-- and In-Cl-complex-stabilized CdSe NC-
based assemblies maintained their exciton features in the absorbance spectra with small 4-nm- 
and 6-nm-red shifts, respectively. A slight broadening of the exciton peaks is also evidenced. 
The similar behavior with red shifts of 9 nm and 7 nm was observed for Bu-NH2/Ga-I-complex- 
and Bu-NH2/Zn-I-complex-capped CdSe NCs, respectively (Figure 4.4 B–C).  
 
 
Figure 4.4. Absorbance spectra of N-butylamine-functionalized 4.5 nm CdSe NCs capped with I
-
 (A), Ga-
I-complex (B) and Zn-I-complex ligands (C) before (red) and after (blue) thermal treatment at 190°C for 
30 min. The spectra of the initial dispersions of 4.5 nm CdSe NCs in chloroform were demonstrated as 
well. All spectra of the films are normalized to the maximum of the lowest exciton energy transition. 
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On the other hand, the pronounced red shift (19 nm) and significant broadening were 
observed for Bu-NH2/I
--capped CdSe NCs (Figure 4.4 A). The Kagan group showed that thermal 
treatment of the thiocyanato-capped CdSe NC-based films at 300°C in the absence of metal 
species (indium) led to the fusion of neighboring CdSe NCs and the formation of large 
crystallites which lost their quantum confinement.165 In its own turn, annealing in the presence of 
indium resulted in the preservation of discrete resonances which were red-shifted. In our system, 
the gallium and zinc metallic constituents seem to act in a similar way preventing the NC fusion. 
However, to state it unambiguously, more experimental data are required since optical shifts and 
broadenings of the exciton peaks are dependent on a number of parameters such as changes of 
the dielectric environment, strengthening of the electronic coupling between the NCs, influence 
of dipole-dipole interactions and (or) other factors related to the NC size distribution.166–168 
In turn, the chlorido-stabilized CdSe/CdS-4ML NCs showed only a very slight red shift 
with negligible broadening (Figure 4.3 C). A similar behavior was previously observed for 
CdSe/CdS NCs capped with In2Se4
2-.92Additionally, the QY of the NC films dropped from 34 % 
in as-deposited to ~0.5 % after T = 190°C (Table 4.1). It is expected that with the thermal 
annealing, the interaction between closely packed particles increases, resulting in an efficient 
coupling and therefore a photoexcited charge carrier can readily migrate to find remaining trap 
states not fully passivated with inorganic ligands.  
 
Table 4.1. The measured optical data of chlorido-capped CdSe/CdS-4ML NC solids as a 
function of heat treatment 
Sample, 
CdSe/CdS-4ML, 
Film 
QY,  % 
Absorbance, 
max 
Emission, 
max 
FWHM, nm 
Stock shift, 
nm 
Cl--capped, Troom ~34 603 615 25.2 12 
Cl--capped, 
T = 90°C 
~21 603 615 25.6 12 
Cl--capped, 
T = 130°C 
~6 603 616 26.0 13 
Cl--capped, 
T = 160°C 
~3 605 617 26.4 12 
Cl--capped, 
T = 190°C 
~0.5 606 618 28.3 12 
Organic-capped 
(OL) Troom 
~49 603 617 26.0 14 
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A thin-film based on the NCs exhibit good uniformity over large areas, as one can see from 
the image of large-scale atomic force microscopy (AFM) and the digital photograph of Bu-
NH2/Ga-I-complex-CdSe NC solids on a glass substrate after heat treatment at 190°C for 30 min 
(Figure 4.5).  
 
 
Figure 4.5. AFM topography and photography (inset) of Bu-NH2/Ga-I-complex-CdSe NC solids on a 
glass substrate after heat treatment at 190°C for 30 min. The root-mean-square (RMS) of the film 
roughness estimated from the AFM image is <0.5 nm. 
 
4.3.1. Electronic Properties of Solids Based on All-Inorganic CdSe NCs 
 
For charge transport studies of all-inorganic capped CdSe and CdSe/CdS-4ML NCs, FET 
devices were fabricated with a “bottom gate/top contact” configuration using heavily doped Si 
wafer with SiO2 as the gate dielectric (Ci ~ 11.5 nF/cm
2). Source and drain aluminum (Al) 
electrodes were deposited on a surface of thermally treated NC arrays using a lithographically 
patterned shadow mask defining the channel length (50–200 µm) and width (1000 µm). 
For detailed studies the influence of the inorganic ligands on the transport properties of 
low-temperature solution-processed FETs based on NC solids, we chose the chlorido- and 
indium-chloride-complex-stabilized 4.5 nm CdSe and 6.0 nm CdSe/CdS-4ML NCs. The 
thickness of the NC layers was in the interval of 40–50 nm and 30–40 nm for CdSe and 
CdSe/CdS-4ML based FETs, respectively (Figure 4.6).  
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Figure 4.6. HRSEM images of In-Cl-complex-capped 4.5 nm CdSe NC-based FET acquired from the top 
(A) and the cross-section (B) after thermal treatment at 190°C. The preserved grain size of the individual 
NCs is evidenced. (C) Elemental mapping of the cross-section of the same FET based on In-Cl-complex-
capped CdSe NCs. 
 
Additionally, an element mapping of the cross section of a FET based on In-Cl-complex-
capped 4.5 nm CdSe NC was carried out, but due to the low concentration of the indium and 
chlorine species and overlapping of indium and cadmium signals, a reliable determination of a 
dopant distribution remains challenging (Figure 4.6 C). Figure 4.7 and Figure 4.8 show the 
representative output (ID–VD) and transfer (ID–VG) characteristics of the Cl
- and In-Cl-complex-
capped CdSe NC-based devices, respectively. The devices were annealed at T = 190°C for 
30 min (see details in Appendix A).  
 
 
Figure 4.7. Output (A) and transfer characteristics in linear (VD = 5 V) (B) and saturation (VD = 60 V) 
(C) regimes of the n-channel FET based on the chlorido-capped 4.5 nm CdSe NCs. W/L = 1000/200 µm. 
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Figure 4.8. Output (A) and transfer characteristics (B, C) of the n-channel FET based on the indium-
chlorido-capped 4.5 nm CdSe NCs in linear (VD = 3 V) (B) and saturation (VD = 60 V) (C) regimes. 
W/L = 1000/200 µm. 
 
All FETs made with the inorganic-capped CdSe NCs showed an n-type gate effect, while 
the output and transfer characteristics depended on the nature of the surface ligands. The FETs 
made of CdSe NCs with chloride ligands showed a high current modulation value (Ion/Ioff ~ 10
4), 
a positive threshold gate voltage (Vth = 11.1 V) and mobility in the linear and saturation regimes 
of 0.28±0.04 cm2/(V·s) and 0.22±0.03 cm2/(V·s), respectively. The charge carrier concentration 
was estimated as n ~ 5·1014/cm3 (using the relation of σ = eµn, where σ – conductivity of the NC 
solids). In contrast, the FETs made of In-Cl-complex-capped CdSe NCs showed a lower 
Ion/Ioff  ~ 10
3 due to increased off-currents and a higher electron concentration of n ~ 1·1016/cm3, 
a negative threshold gate voltage (Vth = -9.12 V), a reduced hysteresis behavior and more than 10 
times enhanced mobility in the linear regime – 3.2±0.3 cm2/(V·s) (VD = 3 V) and in the saturation 
regime – 4.1±0.6 cm2/(V·s) (VD = 60 V). We attribute these changes between FETs based on Cl
- 
and In-Cl-complex-capped CdSe NCs to the differences in the doping levels. Both chlorine and 
indium species may be considered as n-type dopants, which can thermally diffuse primarily 
through the grain boundaries, neutralizing trap states related to dangling bonds. The 
incorporation of indium atoms leads to the filling of traps and increasing the charge carrier 
concentration and conductivity, reaching ~6·10-3 S/cm, which is about two orders of magnitude 
higher as compared to chlorine doped CdSe NCs (~2·10-5 S/cm). To obtain further evidence of 
the influence of stabilizing ligands on the transport properties of inorganic-capped NCs, we 
increased the concentration of In-Cl-complex ligands in the CdSe dispersion threefold, as 
evidenced from ICP-OES data (with a ratio of Cd : Se : In = 1.42 : 1.00 : 0.25, compared to 
initial ratio of Cd : Se : In = 1.49 : 1.00 : 0.09). The CdSe NCs capped with an excess of 
halogenidometallate ligands showed identical absorption features to CdSe NCs without ligand 
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excess before and after heat treatment. However, the measured transport characteristics of the 
fabricated FET based on NC solids with ligand excess were completely different (Figure 4.9). 
 
 
Figure 4.9. Output (A) and transfer (B, C) characteristics of the n-channel FET based on 4.5 nm CdSe 
NCs stabilized with an excess of indium-chloride complexes in linear (VD = 5 V) (B) and saturation 
(VD = 60 V) (C) regimes. W/L = 1000/200 µm. 
 
As expected, the device showed a small modulation of the source-drain current (< 3), a 
high negative threshold gate voltage (Vth < -40 V) and a high n-channel conductance (S ~ 3·10
-
1 S/cm). This is typical for devices with heavily doped channel materials, where a large 
concentration of electrons in the films cannot easily be modulated by the applied gate field. We 
attribute this behavior to the specific role of the ligands in the thermal doping of NC films as 
schematically depicted in Figure 4.10. Therefore, the use of the metal-chloride-complex capping 
ligands enables the simultaneous incorporation of indium and chlorine, both of which are 
capable of contributing free carriers through aliovalent substitutional doping of the cation and 
anion sublattices of the host CdSe NCs during thermal annealing. This leads to an increase of the 
free-carrier concentration in CdSe NCs beyond what is possible with chlorine doping alone. The 
similar tendencies were observed for Ga-I-complex-capped 4.5 CdSe NC solids, where gallium 
and iodine species can provide aliovalent doping (see below). In its own turn, NC solids based 
on the same CdSe NCs but capped with Zn-I-complex ligands showed similar behavior as Cl--
capped CdSe NC solids (see below).  
Unfortunately, the available techniques were not able to elucidate the predominant location 
of the impurities either at the surface of the NCs or their substitutional or interstitial 
incorporation in the host CdSe lattice. This was especially difficult in our case due to the low 
concentration of the dopants. Further studies are necessary to determinate the local structure 
around the indium (chlorine) dopants which require more sophisticated methods.169–171 But based 
on the results of In-doped CdSe NCs presented by the Kagan,140 the Norris,172 and the Talapin 
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groups,92,173 we can assume the indium species most likely have a diverse heterogeneous 
surrounding where some of them are substitutional dopants and others – occupy the surface of 
the NCs, providing the doping and surface state passivation. 
 
 
Figure 4.10. The images schematically represent the impact of the inorganic ligand capping on the 
electronic structure of isolated CdSe NCs before and after thermal annealing. By heat treatment the 
inorganic ligands adhered to the NC surface partly start to diffuse into the NC core due to a 
concentration gradient and act as n-type dopants. This rises the Fermi level (EF) measured from the 
intrinsic level (Ei), increasing the charge carrier concentration and filling the band tail states. The 
additional contribution of In species as n-dopants is responsible for the enhanced transport 
characteristics of the In-Cl-complex-capped CdSe NC solids compared to the Cl
-
-stabilized counterparts. 
 
These results showed that a fusion of the NCs is not the only condition necessary to get 
conductive films exhibiting a gate effect. At this stage, we want to outline the importance of 
controlling the doping via thermal diffusion of different ligands used for the NC stabilization and 
surface passivation.138 In such films, one may reach a high level of interparticle coupling along 
with the preservation of quantum confinement. Our findings are supported by the results of the 
Kagan group that demonstrated the reduced density of trap states and n-type doping of Pb-rich 
quantum confined PbSe or PbS NC films leading to an enhanced electron transport.174 
The significance and the role of the surface dipoles in chloride and indium-chloride-
complex-capped CdSe NCs on tuning the redox potential should be also taken into account since 
we cannot exclude their influence on the electronic properties of our system.175 Nevertheless, the 
effects of surface dipoles176 or remote doping30,177 resulting in changing the electrical properties 
are already “visible” for NC-based devices prepared at room temperature. In our case, as-
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deposited chlorido- and indium-chloride-complex-stabilized CdSe NC-based arrays showed a 
low conductivity of ~10-9 S/cm with weak modulation of the current under applied transversal 
electrical field with implied features of semiconductor behavior. In turn, after annealing at 
T = 190°C, the conductivity and charge carrier concentration dramatically changed, dependent 
on the surface chemistry of the NCs. This heat treatment is necessary to fully or partially break 
multiple In-Cl bonds (328 kJ/mol)178 and initiate the diffusion of the constituent components. In 
contrast to molecular metal chalcogenide complexes that form a conductive matrix between the 
NCs at high temperatures,179 an excess of InCl3 (which is a strong insulator) should lead to 
decreased conductivity rather than to its increase. The observed increase can be explained by 
doping triggered by the heat treatment. The possible scenario of a thermal volatility of the 
inorganic ligands would lead to surface defects and reconstructions with an increased number of 
surface trap states which is unlikely for our system.180 
It is important to emphasize that the previously reported results on the surface modification 
with halide ligands were mainly based on a solid-phase ligand exchange.97,181 This type of ligand 
exchange hardly enables a simultaneous control over the efficiency of ligand replacement, a 
specified inorganic ligand incorporation, the type of the doping and the charge carrier density. In 
the present work, using a solution phase ligand exchange, we demonstrated the high efficiency of 
the replacement of the native insulating ligands while simultaneously enabling the intentional 
incorporation of defined chlorine and indium species, which provides a strong control over the 
charge carrier density ranging from lightly (5·1014/cm3) to medium (1·1016/cm3) to heavily 
(>1018/cm3) electronically doped films. The control of the doping level is of high importance in 
all electronic applications such as LEDs, solar cells, photodetectors, etc., where the combination 
of layers with different charge carrier concentrations can result in a better device performance. In 
addition, the preservation of the colloidal dispersibility of the NCs allows the low-temperature 
single-step formation of doped NC solids via solution processing.  
 
4.3.2. Electronic Properties of NC Solids Based on All-Inorganic CdSe/CdS 
Core/Shell NCs  
 
We also studied the effect of the annealing temperature on the FET performance of Cl--
capped CdSe/CdS-4ML core/shell NCs. The increase of the temperature from 130°C to 190°C 
led to an enhanced particle-particle coupling and to an improvement of the FET characteristics: 
lower hysteresis, an increase of the current modulation and of the mobility values (Table 4.2). 
The transfer characteristics of CdSe/CdS-4ML NC-based FET after 190°C are presented in 
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Figure 4.11. An increase of the threshold voltage (Vth) with temperature (from Vth = 1.5 V 
(T = 130°C) to Vth = 43.2 V (T = 190°C)) is unclear and may originate not only from the changes 
in the semiconductor but also in the dielectric material or at the interface. Possible influence of 
residual molecules of the high boiling solvent MFA (T ~ 190°C) on the transport properties of 
the films annealed at different temperatures may also be responsible for the observed tendency.  
 
 
Figure 4.11. Transfer characteristics in linear (VD = 5 V) (A) and saturation (VD = 60 V) (B) regimes of 
FETs assembled from 6.0 nm CdSe/CdS-4ML (with 3.4 nm core CdSe) NCs capped with Cl
-
 ligands after 
Ttr = 190°C (30 min). W/L = 1000/200 µm. 
 
Table 4.2. FET characteristics of chlorido-stabilized CdSe/CdS-4ML core/shell NC solids as a 
function of annealing temperature 
Annealing 
temperature, 
°C 
QY, % µlin,cm
2/(V∙s) µsat,cm2/(V∙s) Vth, V Ion/Ioff L/W,µm 
130 ~6 (4.1±0.9)∙10-3 (2.3±0.3)∙10-3 +1.5 ~102 50/1000 
160 ~3 (3.6±0.5)∙10-2 (3.3±0.8)∙10-2 +39.0 >104 50/1000 
190 ~0.5 0.28±0.06 0.24±0.04 +43.2 >104 200/1000 
 
The values of the mobility for chlorido-capped CdSe and CdSe/CdS-4ML NCs were 
comparable due to the thin CdS shell (~1.3 nm) and small conduction band offset (0.29 eV) 
between the core and the shell,127 leading to an efficient delocalization of electrons in the entire 
particle (Table 4.2). Additionally, the CdSe/CdS-4ML NCs (6.0 nm) are bigger than the core 
CdSe NCs (4.5 nm) which may improve the transport characteristics due to a decreased number 
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of hopping events. As mentioned above, the QY of CdSe/CdS-4ML NC solids dropped from 
~34 % to less than 1 % with increasing temperature which shows that the combination of bright 
band-edge luminescence and high carrier mobility had not been achieved and still remains a big 
challenge.  
We have to admit that the rapid drop of the QY after heat treatment of the chlorido-capped 
CdSe/CdS-4ML NCs may be disadvantageous for use in applications that require elevated 
temperatures or high-temperature material processing. Nevertheless, the combination of high 
QY, expected for CdS shells with the smallest possible interparticle distances provided by the 
tiny inorganic ligands should undoubtedly result in better transport characteristics than in 
organic-capped analogues. Additionally, further optimization (CdS thickness, temperature of the 
treatment, QY, mobility, etc.) of the inorganic-capped CdSe/CdS-based films for the specified 
practical applications is required. 
 
4.3.3. Comparison of Electronic Properties of NC Solids Based on All-Inorganic- and 
Hybrid-Capped CdSe NCs  
 
Despite the relatively high values of charge carrier mobilities and current modulation ratio 
measured for the low-temperature solution-processed NC-based FETs, the further device 
optimization in terms of lowering operation voltage and enhanced stability with respect to 
consecutive operation cycles is highly required.  
To decrease the operation voltage, it is important to provide a strong capacitive coupling 
between the semiconductor channel and the gate. This is typically achieved by using very thin 
layers of gate dielectric or by using materials with high dielectric constants.93 The sol-gel 
processed HMDS/ZrOx (Ci ~ 320 nF/cm
2) material was chosen as the dielectric layer and was 
fabricated according to the previously published procedures (see Appendix A for more 
details).163 To decrease the gate current leakage through ZrOx gate dielectric, an additional 
passivation with HMDS molecules of the dielectric layer was applied.93 After this treatment, the 
surface becomes highly hydrophobic, which excludes the direct solution processing from polar 
dispersions, while is well-suitable for processing from nonpolar solvents. In this work, 
dispersions of N-butylamine-functionalized CdSe NCs in chloroform were successfully spin-
coated on the HMDS/ZrOx gate dielectric leading to the formation of smooth and uniform films.  
The representative output (ID–VD) and transfer characteristics (ID–VG) of HMDS/ZrOx-FET 
device based on Bu-NH2/Ga-I-complex- and Bu-NH2/Zn-I-complex-stabilized 4.5 nm CdSe NCs 
after 190°C were presented in Figures 4.12–4.13. Additionally, the I–V curves of SiO2-FET, 
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based on all-inorganic Ga-I-complex- and Zn-I-complex CdSe NCs are shown in Figures 4.14 –
 4.15. The calculated FET characteristics are summarized in Table 4.3. 
 
 
Figure 4.12. Output (A) and transfer (B, C) characteristics of the n-channel FET based on 4.5 nm CdSe 
NCs stabilized with hybrid Bu-NH2/Ga-I-complex ligands in linear (VD = 0.25 V) (B) and saturation 
(VD = 2.00 V) (C) regimes. W/L = 1000/200 µm. 
 
 
Figure 4.13. Output (A) and transfer (B, C) characteristics of the n-channel FET based on 4.5 nm CdSe 
NCs stabilized with hybrid Bu-NH2/Zn-I-complex ligands in linear (VD = 0.35 V) (B) and saturation 
(VD = 2.00 V) (C) regimes. W/L = 1000/200 µm. 
 
 
Figure 4.14. Output (A) and transfer (B, C) characteristics of the n-channel FET based on all-inorganic 
4.5 nm CdSe NCs stabilized with Ga-I-complex ligands in linear (VD = 5 V) (B) and saturation 
(VD = 60 V) (C) regimes. W/L = 1000/150 µm. 
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Figure 4.15. Output (A) and transfer (B, C) characteristics of the n-channel FET based on all-inorganic 
4.5 nm CdSe NCs stabilized with Zn-I-complex ligands in linear (VD = 8 V) (B) and saturation 
(VD = 60 V) (C) regimes. W/L = 1000/50 µm. 
 
As one can see, the replacement of the traditional SiO2 gate dielectric with the new 
HMDS/ZrOx dielectric material leads to a significant lowering of the operation voltage from 
60 V to 2 V, respectively. This can be explained by a higher value of areal capacitance of 
HMDS/ZrOx-FET (Ci ~ 320 nF/cm
2) compared to SiO2-FET (Ci ~ 11.5 nF/cm
2) enabling to 
reach similar charge carrier density (Qind) at a lower gate voltage (Qind ~ Ci(VG-Vth)). Moreover, 
the use of the gate dielectric with high capacitance per unit area favors decreasing the 
subthreshold swing (S) down to 0.4 V/dec, as calculated for Bu-NH2/Ga-I-complex-capped CdSe 
NC solids (Table 4.3).  
 
Table 4.3. Summarized parameters of the FETs based on 4.5 nm CdSe NCs capped with 
inorganic and hybrid ligands after heat treatment at 190°C 
Capping 
ligands of the 
CdSe NCs 
Ci(nF/cm
2) 
µlin, 
cm2/(V∙s) 
µsat 
cm2/(V∙s) Vth, V Ion/Ioff S, V/dec 
Voperation,
V 
Bu-NH2/Ga-I-
complex 
320 1.2±0.2 2.1±0.2 ~0.0 >104 0.4 2 
Bu-NH2/Zn-I-
complex 
320 0.9±0.1 0.7±0.1 ~0.3 103 0.7 2 
Ga-I-complex 11.5 1.1±0.2 1.2±0.4 2.5 103 >4 60 
Zn-I-complex 11.5 0.19±0.05 0.11±0.03 18.1 103 >4 60 
 
Another important improvement observed for the hybrid-capped CdSe solids compared to 
all-inorganic analogues is a lower hysteresis as seen from I–V curves during off-to-on and on-to-
off sweeps of the gate voltage. We can attribute the low hysteresis to a decreased concentration 
of hydroxyl groups on the surface of ZrOx dielectric via their additional passivation with HMDS 
molecules.158 These groups are known as strong electron trap sites at dielectric/channel interfaces 
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giving rise to a fast degradation of the FET devices. To exclude the possibility of electron 
trapping and to reach the hysteresis free operation of the FETs, hydroxyl free polymer dielectric 
layers can be used. The saturation and linear FET mobility values of the hybrid-capped NC 
solids were slightly higher than those of the all-inorganic NC arrays which can be also explained 
by a lower concentration of electron trap states at the HMDS/ZrOx-channel than at the SiO2-
channel interface.  
In summary, the results presented here undoubtedly confirm the applicability and 
perspective use of all-inorganic- and hybrid organic/inorganic-stabilized NCs as building blocks 
in low temperature and solution-processed FET devices. We demonstrated that a proper surface 
engineering of NCs can provide not only short interparticle distances but additionally control the 
doping and passivation of surface trap states, leading to an enhanced electronic coupling in the 
NC-based arrays. These FETs based on the NC solids were shown to be able to combine high 
mobility, high current modulation values and low operation voltage while preserving quantum-
confinement characteristics of the NC building units. This makes these nanoscale materials 
attractive for diverse electronic and optoelectronic applications. 
 
4.4. Optical Properties of PbSe Solids. Atomic Layer Deposition Coating as a Way to 
Provide Air-Stable Electron Mobilities in NC Solids**  
 
In the previous section, we outlined the importance of the passivation of trap states in CdSe 
NC-based solids via thermal diffusion of a constituent component of the inorganic ligands at 
190°C. Unfortunately, this successful approach may not be useful for less thermally stable PbSe 
NCs that tend to sinter above 100–120°C resulting in the complete loss of their quantum 
confinement.157 To tackle this issue we adapted the low-temperature ALD technique. It was 
recently shown that ALD can be used to gently infill the pore space of lead chalcogenide films 
with amorphous metal oxides to produce nanocomposites with improved oxidative and 
photothermal stability as well as an enhanced performance of FETs and solar cells.157,159,182 Such 
characteristics of the NC-based devices were attributed to an effective passivation of surface 
states and a reduced interparticle tunnel barrier governing the charge transport in NC films.  
In the first step, we spin-coated uniform iodido-stabilized 4.0 nm PbSe NC thin-film either 
on a hydrophilized quartz substrate for optical characterization or on the p-doped silicon wafers 
with a 100 nm SiO2 dielectric layer with prepatterned source/drain electrodes (5 nm Ti/35 nm 
Au) for FET measurements (Figure 4.16 A). The thickness of the films was ~50 nm with a short-
                                                           
**
 Parts of the section have already been published103 
Optical and Electronic Properties of Nanocrystal Solids 
 
123 
 
range ordering of the NCs. In the second step, the infilling of iodido-capped 4.0 nm PbSe NC-
based solids with amorphous alumina (Al2O3) using low-temperature (~87–90°C) was 
subsequently implemented following the published procedure (Figure 4.16 B).157 The 
characterization of the PbSe NC solids before and after ALD-infilling was carried out under 
ambient conditions (see Appendix A for more details).  
 
 
Figure 4.16. Schematic image of a PbSe NC-based FET with “bottom contact/bottom gate” configuration 
(A), subsequently infilled with amorphous Al2O3 dielectric using the ALD technique at 87–90°C (B).  
 
Figure 4.17 compares the absorbance spectra of 4.0 nm PbSe NCs in colloidal solution and 
in the form of close-packed films.  
 
 
Figure 4.17. (A) Comparative optical absorbance spectra of the dispersion of 4.0 nm PbSe NCs in PC 
and thin films based on these NCs as-deposited (red) and after combined heat treatment (87–90°C) and 
amorphous Al2O3 infilling (blue). The absorbance spectrum of I
-
-capped PbSe in PC is also presented 
(black). The absorption feature at 1383 nm comes from the glass substrate. All spectra of the films are 
normalized to the maximum of the lowest exciton energy transition. 
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As one can see, there is no remarkable shift of the absorption maxima in the films of PbSe 
NCs capped with iodide species as compared to the same NCs in solution. Importantly, this 
tendency is valid for PbSe NCs with different sizes of 4.0 nm, 5.3 nm and 8.9 nm studied in this 
work. The absorption band of the first electronic transition of NC solids was slightly broadened 
compared to the dispersion of isolated NCs (10 meV for 4.0 nm NCs), confirming that the wave 
functions are mainly localized on individual particles, despite being in close proximity to each 
other.  
For charge transport studies, FET devices were fabricated with a “bottom gate/bottom 
contact” configuration. Similar to the inorganic-capped CdSe and CdSe/CdS NC solids, PbSe 
NC assembly showed no gate and an increased conductivity of ~10-7 S/cm compared to the 
organic-capped analogues (~10-11 S/cm) at room temperature. The subsequent heat treatment at 
90°C led to an increased electron conductivity of the inorganic-capped PbSe solids up to  
~10-4 S/cm with weak modulation of the drain current under gate bias. Further temperature 
increase can improve the transport properties of the PbSe NC arrays. However, the heat 
treatment at high temperatures (>100°C) may trigger an undesirable sintering and fusion of the 
NCs.  
In its own turn, the ALD infilling of close-packed films of 4.0 nm iodido-capped PbSe 
NCs at low treatment temperature (~87–90°C) with an amorphous Al2O3 layer led to a dramatic 
improvement of the charge transport characteristics named below. The thickness of the alumina 
layer of 10 nm was chosen based on the data presented by Liu et al.157 who reported that ~5 nm 
of Al2O3 was sufficient to effectively infill S
2--capped PbSe NC films. An extra 5 nm was added 
to guarantee a complete infiltration. Figure 4.18 shows the representative output and transfer 
characteristics of this ALD protected film. 
 
 
Figure 4.18. Output (A) and transfer characteristics (B, C) of the n-channel FET based on 4.0 nm PbSe 
NC solids after the combined Al2O3 and heat treatment in linear (VD = 3 V) (B) and saturation 
(VD = 50 V) (C) regimes. W/L = 1000/50 µm. 
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We observed a n-type gate effect with a current modulation of Ion/Ioff ~ 10
4, a subthreshold 
swing (S) of ~4 V/dec, and a threshold voltage of Vth = -3.8 V. The linear and saturation 
mobilities were µlin = (2.1±0.3) cm
2/(V·s) (VD = 3 V) and µsat = (2.9±0.4) cm
2/(V·s) (VD = 50 V), 
respectively. These values are comparable with the linear electron mobilities reported for the 
PbSe NCs stabilized with S2- and further passivated with Al2O3 and PbCl2, namely ~7 cm
2/(V·s) 
and 5 cm2/(V·s), respectively. Moreover, these ALD-infilled/I--capped PbSe transistors showed 
an air-stable performance which makes them technologically very attractive since n-channel 
transistors are very sensitive to oxygen and water and can operate mainly under inert conditions.  
After the combined ALD and heat treatment, the PbSe NC solids still showed a hysteresis 
behavior. This instability in the TFT performance may be attributed to a charge trapping in the 
semiconductor, gate insulator and/or interface traps between them. For example, the SiO2 gate 
dielectric possesses a large number of hydroxyl groups, acting as electron traps which are 
responsible for the hysteresis behavior in NC-based FETs.   
The electronic structure of the NC solids was retained after the combined Al2O3 and heat 
treatment, reflected in a red shift and broadened 1Sh–1Se excitonic peak, showing features of an 
increased interparticle coupling (Figure 4.17). Since lead chalcogenides can ripen and sinter at 
moderate temperatures, we measured the average grain size and surface morphology of the films 
after heat treatment at 90°C without Al2O3-infilling using XRD and SEM techniques 
(Figure 4.19). The size of the grain was estimated using the Scherrer equation (K = 0.90) in the 
direction perpendicular to the (220) lattice plane. For example, the calculated NC size was 
4.2 nm and bigger than that determined according to the TEM measurements (4.0 nm). After 
heat treatment at 90°C, the size increased to 4.8 nm (Figure 4.19 A). This can imply on a slight 
sintering of the NCs into the NC solids. The SEM image unveiled that the smooth film consisted 
of randomly close-packed individual particles (Figure 4.19 B).  
 
 
 
 
Optical and Electronic Properties of Nanocrystal Solids 
 
126 
 
 
Figure 4.19. (A) XRD patterns of I
-
-capped PbSe NC thin films before (black) and after thermal 
annealing at 90°C (red). (B) SEM and HRSEM (inset) images of a PbSe NC film on silicon after 90°C 
heat treatment without amorphous Al2O3 infilling. 
 
Interestingly, the use of another metal oxide infilling such as HfO2 did not lead to an 
improved device performance, compared to untreated iodido-capped PbSe NC solids. We can 
emphasize the role of aluminum species in the efficient passivation of surface dangling bonds 
and gap charge trapping states of the PbSe NCs, inevitably induced after the inorganic ligand 
exchange. On the other hand, further comparative studies are required to determine the effect of 
oxide infilling on the morphology of the films and a possible doping of the NCs as well as its 
dependence on the nature of the NC building blocks and capping ligands. This may open up 
attractive possibilities for the fabrication of low-temperature devices based on diverse NCs with 
enhanced, air-stable transport characteristics. 
 
4.5. Conclusions 
 
The optical and transport characteristics of NC solids based on single-component CdSe, 
PbSe and two-component CdSe/CdS NC building blocks capped with diverse all-inorganic and 
hybrid organic-inorganic ligands were studied in detail with a special focus on their relevance to 
FET applications. Stable dispersions of these NCs were shown to be well-suitable for low-
temperature, solution-processed FET devices with enhanced performance characteristics, which 
are very competitive to organic-semiconductor-based FETs. It was demonstrated on the example 
of Cl- and In-Cl-complex-capped CdSe NC solids that the surface modification and 
functionalization of the NCs with compact inorganic ligands can provide not only a short 
interparticle separation between the NCs but additionally may be considered as a tool for 
A B
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controlling of doping and passivation of surface trap states, leading to an enhanced interparticle 
coupling in the NC-based arrays. For instance, the surface modification of 4.5 nm CdSe NCs 
with indium-chloride-complex species resulted in an increase of both the electrical conductivity 
and the saturation mobility reaching 4.1±0.6 cm2/(V·s), compared to 0.22±0.03 cm2/(V·s) for 
simple chlorido-capped NC solids at a relatively low processing temperature (T = 190°C). All of 
NC-based solids preserved the optical absorbance spectra of strongly quantum-confined 
semiconductor NCs. The strategy of intentional incorporation of defined inorganic species (e.g. 
copper, tin, antimony, etc.) in host NCs upon a mild thermal annealing of the all-inorganic NC 
solids can open up versatile opportunities to control the charge carrier concentration in the NC 
based solids. 
To decrease the operation voltage, subthreshold swing and hysteresis response in I–V 
characteristics of the NC-based FETs, the traditional SiO2 gate dielectric was replaced with a sol-
gel processed HMDS/ZrOx, which can provide a much stronger capacitive coupling between the 
semiconductor channel and the gate. The combination of these improved FET characteristics 
with high mobility and simple processing was presented for CdSe NCs, stabilized with hybrid 
Bu-NH2/Ga-I-complex ligands.  
To address the issue of a poor environmental stability of n-type channel transistors as well 
as the incompatibility of PbSe NC solids with a thermal treatment, the application of a post-
synthetic infilling of the iodido-capped PbSe film with amorphous alumina via the ALD 
technique was successfully demonstrated.  
We believe that the NC-based solids can go beyond FET and find their place in low-cost, 
large-area electronic and optoelectronic applications such as solar cells, light-emitting diodes, 
thermoelectrics, and photodetectors. 
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Chapter 5 
 
 
 
 
Three-Dimensional Assembly of All-Inorganic Colloidal 
Nanocrystals into Gel Architectures 
 
 
The novel universal approach to assembling of a variety of electrostatic-stabilized all-inorganic 
semiconductor CdSe, PbS, PbSe, and ZnO NCs with diverse morphology, different sizes, surface 
charge densities and inorganic capping ligands via their linking with appropriate ions into 3D 
multibranched gel networks has been presented. All of these macroscopic self-supporting 
materials based on well-interconnected NCs still exhibit well-pronounced electronic features of 
individual quantum-confined semiconductors. The porous solid aerogel based on quasi-spherical 
I--capped 4.5 nm CdSe NCs bridged with Cd2+ cations featured high stability and monolithic 
macroscopic shape with a surface area as high as 146 m2/g. 
The primary studies of the gelation mechanism made for I--capped CdSe NCs suggest complex 
interactions between the NCs, the capping ligands and the linking ions in the 3D-assembled 
structures. These interactions can lead to a modulation of a wide variety of properties of the 
resulting gels and aerogels, including the type of the dominating charge carrier and its mobility, 
PL QYs, etc. and are required to be further studied to control over new 3D functionalities based 
on all-inorganic NCs.  
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5.1. Introduction 
 
Colloidal NCs as functional building units provide a powerful platform for designing 
compact 2D assemblies with tailored electronic and optical properties as was presented in the 
previous chapter. Such 2D structures built of the designed NC entities with unique characteristics 
can be considered as a novel type of condensed matter that behavior is strongly dependent on the 
properties of the individual NCs and the complex interparticle interactions between them. The 
strong control over these parameters can result in promising functional NC-based materials 
which are very attractive for modern technologies. 
In this chapter, we further extend the diversity of the NC-based materials combining the 
specific properties of nanoscale building units magnified by their macroscale 3D assembly. One 
of the important classes of these materials is 3D-connected gel superstructures. These non-
ordered highly porous solids are in the focus of intensive research due to their high surface area, 
low relative density, size-effect-enhanced catalytic and sensing activity.183–189 Moreover, these 
structures are expected not only to bridge the macro-and nanodimensions in one material but to 
create completely new properties, as a result of the formation of collective electronic states and 
enhanced interparticle interactions in three dimensions.190 
Nowadays, the assembly of a variety of noble metal and semiconductor nanoparticles into 
functional non-ordered self-assembled gels and aerogels is quite well-developed and can easily 
be realized while preserving characteristic properties of the NC building units. However, in 
many cases the resulting gel materials still have to be further processed in order to improve their 
properties relevant for the desired practical applications. For instance, the surface capping of the 
NCs is a critical aspect in the fabrication of functional gels, as it is mainly based on various 
organic molecules employed as stabilizing ligands in the colloidal synthesis of the NCs. These 
ligands lead to an increase of the amount of organics in the gel structure and thus may hinder the 
accessibility to the active NC surface. The latter is of paramount importance for the application 
of these materials as catalysts. At the same time, subsequent processing of the wet NC-based gels 
may cause the formation of multiple byproducts from organic ligands leading to unpredictable 
changes in the properties of the final material. 
In this chapter, we report on a novel approach to form 3D non-ordered assemblies based on 
NCs capped with inorganic ligands using the metal-ion-assisted-complexation technique. The 
diverse all-inorganic semiconductor NCs with different morphology, compositions, size, surface 
charge, and inorganic capping ligands have successfully been assembled into 3D structures using 
appropriate coordinating counterions. For example, CdSe NCs stabilized with Cl-, In-Cl-
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complex, and Ga-I-complex were linked by Cd2+, Zn2+, Pb2+ or Ag+ ions into multibranched gel 
networks. We extended the chemistry of the NCs used as building blocks to form 3D NC-based 
architectures such as quasi-spherical I--capped PbSe and PbS NCs, F--capped ZnO nanorods, I--
capped CdSe NPLs. All of these macroscopic materials, which are based on well-interconnected 
NCs still preserve the electronic structure of the original quantum-confined semiconductors 
while being highly porous. To the best of our knowledge such universality of the novel gelation 
method proposed is unprecedented, and it is likely to be applicable to electrostatic-stabilized all-
inorganic NCs virtually of any shape, size, composition, and inorganic capping.  
A special attention in this part of the work was paid to establish the possible reaction 
mechanism of assembling all-inorganic NCs in 3D networks, it is still remaining a challenging 
task, though. The understanding of the gel formation is of high importance to control and 
manipulate the electronic and optical properties as well as structural features of the gel network 
such as charge carrier concentration, its mobility, PL QY, morphology, phase composition, 
porosity, pore size, elemental distribution, etc.  
 
5.2. Ion-Induced 3D Assembly of the All-Inorganic NCs into Gels and Aerogels. Their 
Structural Characteristics and Optical Properties†† 
 
To assemble the all-inorganic electrostatic-stabilized NCs in self-supporting networks of 
the interconnected and branched nanochains, the ion-induced technique developed in our group 
was successfully implemented.191–193 The technique is based on the ability to build strong 
complexing bridges between the capping ligands and metal ions and does not involve any 
sophisticated processing like using external templates,194 chemical destabilization of the initial 
colloid,184 or its photochemical treatment195 that can easily change or deform the fragile 
electronic structure of the NCs.  
To initiate the gelation, the negatively charged NCs in solutions were destabilized in a 
well-controlled manner using the appropriate coordinating cations. Gelation of the inorganic-
functionalized CdSe, PbSe, and ZnO NCs was mainly induced by adding Cd2+, Pb2+, Zn2+ ions, 
respectively in the form of dehydrated acetate salts, to exclude the undesired extraneous 
inorganic inclusions as well as unintentional cation exchange reactions in the NCs. Additionally, 
Cd2+ ions were recently reported to possess the highest affinity among the variety of the studied 
cations to the surface of S2--capped CdSe NCs.85 As a result, cadmium-terminated all-inorganic 
CdSe NC showed the highest surface charge inversion from negatively S2--capped CdSe to 
                                                           
††
 Parts of the section have already been published203 
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positively charged Cd2+/S2--capped CdSe NCs. We assume that the chemical similarity of the 
ions in this process is likely to play a crucial role and can affect the kinetics of the gel formation. 
On the other hand, the intentional incorporation of “foreign” cations for linking of the NCs 
seems to enable the modulation of a wide variety of properties, including the type of the 
dominating charge carrier, its mobility, the PL, and the catalytic activity of the resulting gels and 
aerogels.85,196 Indeed, our results of ion-induced gelation of I--capped CdSe NCs triggered by 
Cd2+, Zn2+, Pb2+, and Ag+ ions showed that the cations have an influence on the optical 
properties of the resulting gels.  
The range of salts containing anions with low nucleophilicity can be extended to e.g. 
nitrates and perchlorates, thus completely excluding organic residues in the resulting gels. For 
example, the mentioned salts were successfully used to gelate the I--capped CdSe NCs (see 
details in Appendix A). However, in contrast to acetate salts, these inorganic salts have different 
solubility in some solvents (MFA, PC) or mixtures of solvents (MFA/HMPA, MFA/DMF), in 
which the NCs can form stable dispersions in a desirable concentration range (see Chapter 3). 
The latter complicated the comparative studies of the gelation of different NCs.  
To induce a metal-ion-assisted assembly of I--capped CdSe NCs, a solution of 0.2 M of 
cadmium acetate was added to 3 mg/mL NC dispersion in MFA, corresponding to a final 
concentration of 20 mM of Cd2+ ions. Important to note that the gelation of other combinations 
of NCs with bridging ions was carried out in a similar way, but the efficiency of the conversion 
of the NCs into gels and the gelation time was varied due to some uncertainties in the 
determination of the NC concentrations, their different sizes, morphology or surface charge 
density (see details in Appendix A). TEM images of the all-inorganic gels based on the different 
NCs with diverse morphology, size and compositions are presented in Figures 5.1–5.2. 
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Figure 5.1. TEM images of a variety of all-inorganic NC gels formed using appropriate cations: quasi-
spherical Cd
2+
/I
-
-capped CdSe NCs (A, D); Cd
2+
/I
-
-capped CdSe NPLs (B, E), quasi-spherical Pb
2+
/I
-
-
capped PbSe NCs (C, F). The insets present the digital images of the corresponding NC dispersions 
before (left) and after (right) gelation. 
 
 
Figure 5.2. TEM images of the gels based on the all-inorganic NCs linked with the appropriate 
counterions: quasi-spherical Cd
2+
/Ga-I-complex-capped CdSe NCs (A, D); quasi-spherical S
2-
/Cd
2+
(S
2-
)-
capped CdSe NCs (B, E); Zn
2+
/F
-
-stabilized ZnO NRs (C, F). The insets are the digital images of the 
corresponding NC dispersions before (left) and after (right) gelation. 
 
The concentrations of both the linking cation and the NC dispersion play an important role 
in determining the kinetics of the network formation and the structure of the resulting gel. Thus, 
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the decrease of the concentration of either the linking cations or the NCs or both did not result in 
any visible traces of destabilization of the system within months. On the contrary, the increase of 
the relative concentrations of Cd2+ and I--capped NCs led to either their immediate precipitation 
in the form of dense sediments or to charge inversion with the formation of a stable colloidal 
dispersion. In turn, only a balanced cation/NC ratio, as well as their optimized concentrations, 
yielded multibranched structures within one week with a gel conversion efficiency of ~80 % (i.e. 
80 % of the initial I--stabilized NC content was transformed into the gel). 
The advantage of using charged all-inorganic NCs as building blocks is their inclination to 
form gel networks via bridging by counterions, independent on their size, composition, 
morphology and even charge. For example, S2--capped CdSe NCs charge inverted with Cd2+ (i.e. 
positively charged, Cd-terminated Cd2+/S2--capped CdSe may be gelated by adding S2- ions 
acting as linkers (Figures 5.2 B, E). This can be explained as follows.  
The NCs may be considered as lyophobic colloids, which are thermodynamically 
metastable (with respect to the bulk solid) and rendered “stable” only in a kinetic sense. The 
kinetics of gelation (coagulation) will be mainly determined by overcoming the potential energy 
barrier providing the NC stability, i.e. their repulsion. After adding the linking agent, the cations 
adsorb on a few sites of the negatively charged NC surface and increase the attractive potential 
contribution. It is reasonable to expect that effective bridging and the subsequent surface charge 
neutralization of the electrostatic-stabilized NCs can take place when the surface of the NCs 
possesses sufficient bare space, necessary to provide effective adsorption of positively charged 
areas of NCs to negatively charged areas of neighboring NCs during the particle-particle 
approach, and preferably with enough space for more than one contact. The latter is important to 
eliminate the dissolution of the assembled network of the NCs.  
When the concentration of the NCs is low, the probability of particle-particle encounters is 
also low. However, with a high enough concentration of the counterions, the reversion of the NC 
surface charge and the formation of a stable suspension may take place. Oppositely, at high 
concentrations of the ions and the NCs, the coagulation kinetics is fast yielding compact and 
dense aggregates via bridging through a larger average number of cations attached to each 
particle as stated by Nag et al.85 On the other hand, such aggregates can be easily peptized by the 
addition of the corresponding pure solvent, as a result of weak interconnections between the 
nanosized building blocks. Therefore, only an optimal concentration of the NCs and the 
counterions results in the formation of open self-supporting porous structures of well-connected 
and welded NCs. With the lapse of gelation time, the local coordination environment of the 
bridging ions can vary across the NC network, accompanied with its reconstruction and 
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strengthening of bonds between the structural units. This process is known as aging, which 
depends on the nature of the structural blocks and the ligands, their concentrations, surface 
charge densities, etc., and varies from sample to sample. The aging time is of high importance 
for the gel systems which, like ours, do not possess excellent complexing capabilities. We 
assume that during the aging, the formation of strong covalent bonds such as I - Cd - I and Se -
 Cd - Se takes place accompanied by the interfusion of the NCs determining the rigid framework 
of the gel structure. The lack of reversibility upon using strong complexation agents like 
ethylenediaminetetraacetic acid (EDTA) or its salts additionally confirms the formation of strong 
bonds between the NCs.191  
The gelation time as well as the efficiency of conversion of I--capped CdSe NCs into a gel 
architecture was dependent on nature and the charge of the linking cations (see Appendix A for 
more details). For example, Pb2+ cations led to ~94 % of gel conversion within 4 days, while Ag+ 
resulted in the gel formation only after 4–5 weeks. At the same time, the induced gelation with 
Zn2+ was very similar to Cd2+. These observations cannot be solely explained by Derjaguin-
Landau-Verwey-Overbeek (DLVO) theory that considers Coulombic interactions of colloidal 
particles with point-like charges.197 It is likely that along with the electrostatic interactions 
between negatively charged surface ligands and cation linkers, more complex interactions 
between the NCs, the capping ligands, and the linkers in the assembled structure should be taken 
into account. For example, the specific chemical affinity of counterions to inorganic ligands or 
surface NC centers, different solvations energy of the counterions as well as possible 
mismatching of the lattice constants and coordination numbers between inorganic-capped NCs 
and ion linkers can influence the kinetics of gelation.  
Since the colloidal stability of charged NCs is strongly determined by the concentration of 
the electrolyte (known as the Schulze-Hardy rule), we performed a control experiment by adding 
a solution of 60 mM of sodium acetate (with an ionic strength identical to 20 mM cadmium 
acetate) to the I--capped CdSe NCs. In this case, we did not observe any aggregation of the NCs 
which confirms that their bridging is induced by linking via Cd2+ ions and not just due to an 
increased ionic strength of the solution. Nevertheless, we also consider the possibility of gel 
formation by altering the ionic strength, the dielectric constant, and the temperature as ways to 
change the magnitude of a surface charge density and an extent of the electrical double layer, i.e. 
induce gelation.  
Furthermore, we monitored the aggregation of the I--stabilized CdSe NCs via (HR)TEM on 
early stages of the gelation (Figure 5.3).  
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Figure 5.3. Scheme and associated TEM images with different magnifications showing the gelation of the 
iodido-capped 4.5 nm CdSe NCs (A, E) in 24 hrs (B, F); 48 hrs (C, G); and 1 week (D, H) after the 
addition of the linking Cd
2+
 ions. 
 
Preparation of TEM samples was carried out directly after the sample-taking in order to 
avoid further progress of the reaction. Nevertheless, when evaluating these results, one should 
keep in mind that the coalescence of the NCs may occur during the drying process of the sample 
on the TEM grid. We observed the formation of nanochains (after 24 hours) (Figures 5.3 B, F) 
with their subsequent branching and generation of more complex fractal aggregates (after 48 
hours) (Figures 5.3 C, G) which acted as building blocks to construct a well-connected gel 
network (after 1 week) (Figures 5.3 D, H). The NCs were randomly oriented in these gels, as 
revealed by HRTEM imaging (Figure 5.3 D, inset). Further detailed studies will be needed to 
elucidate the gelation driving force with different contributions of the constituting components to 
the total interaction potential as well as specific interactions as discussed above. 
To prepare a solid aerogel monolith from a CdSe NC solvogel, the cold supercritical 
drying approach using CO2 as a solvent was applied according to a previously published 
procedure.198 The technique of supercritical drying is based on the exchange of the interstitial 
solvent with liquid carbon dioxide, bringing the CO2 to its critical state with subsequent removal 
by reducing the pressure while maintaining the temperature above the critical point (~31°C). 
This method preserves delicate 3D structure from the destructive effect of surface tension 
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appearing during drying under ambient conditions.190 In order to ensure a good miscibility with 
liquid CO2, the original solvent (MFA) was replaced by acetone using multiple exchanges.  
The absorbance spectra of the solvogels based on the diverse NCs as well as spectra of 
Cd2+-linked-I--capped CdSe aerogel are presented in Figures 5.4–5.5. In all cases, we reveal the 
retention of exciton features, accompanied by small shifts and broadening of the peaks, 
especially in the CdSe aerogel after activation in a vacuum (at 120°C for 24 hours; the sample 
was further used for Brunauer-Emmet-Teller (BET) measurements) (see details in Appendix A). 
The latter can be attributed to strengthening of the electronic coupling between the NCs via their 
partial interfusion and by the influence of dipole-dipole interactions and (or) other factors related 
to the NC size distribution as discussed in Chapter 4. 
 
 
Figure 5.4. (A) Absorbance spectra of 4.5 nm CdSe NCs with quasi-spherical morphology before (black) 
and after the ligand exchange with iodide ligands (red, solid), their subsequent gelation with Cd
2+ 
in 
MFA (red, dashed), drying (blue) and heat treatment of the resulting aerogel at 120°C for 24 hrs 
(purple). (B, C) Absorbance spectra of (B) organic-capped CdSe NPLs (black), I
-
-capped CdSe NPLs in 
MFA (red, solid) and Cd
2+
-linked solvogel (red, dashed); (C) quasi-spherical 4.5 nm CdSe NCs capped 
with chloride in MFA (red, solid), indium-chloride-complex in MFA/HMPA (blue, solid) and gallium-
iodide-complex in MFA/HMPA (green, solid) and the corresponding Cd
2+
-bridged solvogels (dashed). 
The spectra are vertically shifted for clarity and normalized to the lowest absorption transition. 
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Figure 5.5. Absorbance spectra of (A) quasi-spherical 5.1 nm PbSe NCs with organic ligands (black), 
with iodide ions in PC/MFA (red, solid) and the Pb
2+
-linked solvogel (red, dashed); (B) quasi-spherical 
5.3 nm PbS NCs with organic ligands (black), with iodide ions in PC/MFA (red, solid) and the Pb
2+
-
linked solvogel (red, dashed); (C) ZnO NRs with organic ligands (black), with fluoride ions in MFA (red, 
solid) and the Zn
2+
-linked solvogel (red, dashed). Solvogels based on iodido-capped PbSe and PbS NCs 
revealed substantial environmental stability (after 3 month under air). The spectra are vertically shifted 
for clarity and normalized to the lowest absorption transition. 
 
Figure 5.6 shows steady-state and time-resolved PL of the Cd2+/I--capped  solvogel and the 
corresponding solid-state aerogel as well as initial CdSe NCs stabilized with organic molecules. 
 
 
Figure 5.6. Steady-state (A) and time-resolved PL spectra (B) of the organic-capped CdSe NCs (black), 
Cd
2+
/I
-
-capped CdSe solvogel (red) and the corresponding aerogel (blue) with the calculated values of 
Stokes shift (SS), FWHM and PL QY.  
A B
Three-Dimensional Assembly of All-Inorganic Colloidal Nanocrystals into Gel Architectures 
 
139 
 
Firstly, the PL was quenched after the ligand exchange with iodides and then partly 
restored in the solvogel, implying that Cd2+ ions can act both as a linker and as a passivating 
agent, suppressing non-radiative recombination introduced by the anions. The PL QY of the 
aerogel was ~3 %. At the same time, the PL maximum shifted to longer wavelengths (18 nm) 
likely due to a favorable exciton energy transfer from smaller (donor) to larger (acceptor) NCs. 
A slight blue shift to higher energies and a peak broadening accompanied by a PL drop 
(QY ~ 1 %) occurred probably due to a partial surface etching, ligand desorption and increased 
size distribution after extensive washing. These changes in the QYs are in agreement with time-
resolved PL data. The decrease in the PL lifetime from the initial CdSe NCs to the solvogel and 
further to the aerogel is attributed to the formation of more channels for nonradiative 
deactivation through energy transfer and fast recombination on the nonpassivated surface states. 
The latter is especially pronounced in the aerogel. Heat treatment of the aerogel resulted in 
complete PL quenching and broadening of the first exciton peak.  
Interestingly, the solvogels of the same I--capped CdSe NCs, linked with Zn2+ or Pb2+ ions 
showed PL QYs differing from that one linked with Cd2+ (~1 % and <1 % vs ~3 %, 
respectively). On the other hand, a significant enhancement of the QY (up to ~9 %) was 
observed for the Ag+/I--capped CdSe NC-based solvogel. We can attribute the latter observation 
to the well-known doping effect of silver impurities, leading to a dramatic increase in the PL QY 
of the colloidal CdSe NCs.171,199,200 Further studies of the influence of the linker on the electronic 
and optical properties of the resulting solvo- and aerogels will be continued.  
The increase of the cadmium content in the Cd2+/I--capped CdSe aerogel 
(Cd : Se = 1.13 : 1) compared to the initial I--capped CdSe NCs (Cd : Se = 0.98 : 1) additionally 
confirms the linking role of Cd2+ in the formation of the network.  
Powder XRD analysis revealed no structural rearrangements in the gel compared to the 
parent CdSe NCs (Figure 5.7 A). Thermogravimetric scans of the 4.5 nm I--capped CdSe NCs 
and the Cd2+-linked aerogel showed total weight losses of 10 % and 5 %, respectively, which 
were significantly smaller than that of 24 % for the initial CdSe NCs (Figure 5.7 B). 
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Figure 5.7. (A) XRD patterns of the organic-capped CdSe NCs (black) and the all-inorganic CdSe NC 
aerogel (blue). The purple stick patterns show the corresponding reflection positions and intensities of 
bulk wurtzite CdSe (COD#9011664). (B) Thermogravimetric scans for the organic-capped CdSe (black), 
the I
-
-capped CdSe (red) and the aerogel after BET measurements (purple line) with weight losses of 
24 %, 10 %, and 5 %, respectively. The gradual decrease in the weight of CdSe (I
-
) NCs may be 
attributed to the evaporation of the high-boiling solvent (MFA). The weight loss of the CdSe NC aerogel 
with temperature is likely a result of removing adsorbed water, residual acetate or other impurities. 
 
The SEM and HRSEM images of the aerogel based on the iodido-capped CdSe NCs linked 
with Cd2+ ions were presented in Figure 5.8 A and unveiled the formation of a sponge-like 3D 
macroscopic network. The resulting Cd2+/I--capped CdSe NC aerogel exhibited a remarkably 
large surface area of 146 m2/g as probed by nitrogen adsorption-desorption technique and 
analyzed by BET theory (Figure 5.8 B). The isotherm resembles a type II curve with a sharp 
upturn in the high relative pressure region which is characteristic for CdSe aerogels as reported 
by the Brock group.185 This sharp upturn (lack of saturation) is indicative of liquid condensation 
associated with the presence of macropores.  
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Figure 5.8. (A) SEM and HRSEM (inset) images of the I
-
-capped CdSe NC aerogel linked with Cd
2+
 ions. 
(B) The nitrogen physisorption isotherms of the Cd
2+
/I
-
-capped CdSe aerogel. The inset presents the 
digital images of the CdSe NC aerogel monolith under day (left) and UV (λexc = 366 nm) light (right) (PL 
QY ~ 1 %).  
 
Such combination of highly porous solids made of the well-connected all-inorganic NC 
building units with the electronic structure of the original quantum-confined semiconductors can 
result in extended application-targeted opportunities of 3D gel superstructures.  
 
5.3. Conclusions 
 
The diverse electrostatic-stabilized all-inorganic semiconductor NCs such as I-, Cl-, In-Cl-
complex, Ga-I-complex-capped CdSe NCs, I--stabilized PbS and PbSe NCs as well as F--
passivated ZnO NCs with quasi-spherical, rod- and plate-like morphology have been 
successfully assembled into 3D structures using a novel gelation approach. On the example of 
iodido-capped CdSe NCs linked with Cd2+ cations, we showed that highly porous solids based 
on well-connected NCs still exhibited well pronounced electronic and optical features of the 
individual quantum-confined semiconductors. Primary studies of a gelation mechanism for this 
system implies on complex interactions between the NCs, the capping ligands and the linking 
ions in the assembled structure. The mechanism requires further studies to achieve full 
controlling and to enable manipulating over structural parameters of the gel network.  
The proposed novel gelation method of the all-inorganic NCs seems to be universal, 
versatile and applicable to electrostatic-stabilized NCs of virtually any shape, size, composition, 
inorganic capping and even surface charge density. On the one hand, the intentional 
incorporation of “desired” cations via linking of the specifically functionalized all-inorganic NCs 
A B
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enables the modulation of a wide variety of properties, including the type of the conduction 
dominating carrier and its mobility, PL QYs and the catalytic activity of the resulting gels and 
aerogels. On the other hand, we have developed a potentially powerful tool to bring together 
components of intrinsically different functionality, morphology, size and composition, e.g. 
semiconductor-metal-semiconductor, semiconductor-metal-magnet, etc. This may lead to novel 
functional materials with new synergetic properties found in neither of the constituents.  
We hope these new, interesting and very perspective 3D superstructures based on all-
inorganic colloidal NCs will be a source of rich new physics and chemistry and find multiple 
technological applications in the near future.  
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Chapter 6 
 
 
 
 
Summary 
 
This thesis focuses on the optimization of the synthesis of diverse colloidal NCs in organic 
media, on the development of a new approach of post-synthetic inorganic ligation of these NCs 
in solution phase as well as on the control over kinetics of the ligand exchange reactions. The 
subsequent assembly of these all-inorganic NCs into compact 2D solids and 3D multibranched 
gel architectures is also demonstrated. All of these experimental steps were accompanied by 
detailed studies of the colloidal NC building units via a suite of spectroscopic, scattering and 
imaging techniques. The promising properties of the NC-based assemblies presented in this work 
outline a tremendous potential of the studied NC systems in cutting-edge electronic and 
optoelectronic applications. 
In the first part of the thesis, the powerful aspects of modern colloidal chemistry allowing 
for the synthesis of various nanostructures as well as their surface design were presented. For 
example, the highly crystalline nanoparticular building units such as single-component PbS, 
PbSe, CdSe, CdS, ZnO and two-component PbSe/PbS, CdSe/CdS NCs with diverse morphology 
and unprecedented compositional tunability were synthesized in organic media in the presence of 
hydrocarbon surfactants. Novel synthetic approaches were developed for PbS and PbSe NCs 
providing exceptional control over the growth dynamics of these quasi-spherical NCs leading to 
their extraordinarily narrow size distribution. The tuning of the growth kinetics of different 
crystal facets and the reaction temperature of the NCs was found to be an effective tool for the 
design of nanoscale materials with diverse morphological complexities. 1D branched and 
straight PbSe NWs as well as 2D CdSe NPLs were successfully synthesized following the 
above-mentioned strategy. Moreover, an additional passivation of the PbSe and CdSe NC 
surface with epitaxially-grown inorganic shells – PbS and CdS, respectively led to an improved 
environmental stability and the outstanding photoluminescence properties. These monodisperse 
PbSe/PbS and CdSe/CdS NCs are examples of two-component colloidal nanostructures with a 
weak localization of either holes or electrons, respectively, which makes them especially 
attractive for optoelectronic applications. Additionally, a special attention in this work was 
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drawn to synthesize low-toxic semiconductor materials such as ZnO NCs with quasi-spherical 
and rod-like morphology.  
These monodisperse NCs with uniform size, shape, composition and phase homogeneity 
were further subjected to a post-synthetic surface modification with a new class of cheap and 
robust inorganic species using a novel technique of ligand exchange developed in the present 
work. This approach enables an efficient and fast replacement of the organic molecules on the 
NC surface with inorganic ions and is applicable to NCs of virtually any shape and size. 
Moreover, all NCs preserved the electronic structure of the original quantum-confined 
semiconductors and their narrow size distribution while maintaining the colloidal stability in 
polar solvents in a broad concentration range. The all-inorganic NCs studied in this work 
significantly extended the surface of the NCs and their application opportunities. Additionally, 
the key aspects of inorganic ligation of the NCs in solution phase such as solvent properties and 
ligand affinity to the NC surface were discussed in detail. The understanding of the mechanism 
of the surface modification still requires deep studies and is of high importance for the efficient 
surface modification and functionalization of the colloidal NCs.  
In the current work, a special attention was focused on some drawbacks which appear after 
the surface functionalization of the NCs with the all-inorganic ligands. They include a large 
concentration of surface trap states, colloidal stability in a limited amount of highly polar 
solvents only and a lack of long-range ordering and regimentation between the individual 
building units in the NC assembly. These issues are very important and should be addressed for 
solution processed NCs. For the first time, it was found that an additional surface 
functionalization of CdSe NCs with short N-butylamine molecules resulted in the formation of 
hybrid organic-inorganic capping around the NCs. This additional capping enables the 
solubilization of the inorganic-capped NCs in chlorinated solvents and improves the ability to 
form ordered NC solids. This new strategy seems to be applicable to all-inorganic NCs opening 
up bright perspectives for functional colloidal nanoscale materials.  
The second part of the thesis deals with the assembling of the NC building blocks in 
compact 2D solids and 3D porous superstructures as well as their detailed characterization. The 
optical and electronic properties of the 2D solids based on these NCs were studied with a special 
focus on their relevance to low temperature, solution-processed FET applications. It was clearly 
demonstrated that inorganic capping ligands can provide not only stable dispersions of the NCs 
and short interparticle distances in the corresponding NC solids but can additionally control the 
doping and passivation of surface trap states upon mild heat treatment, leading to enhanced 
electronic coupling in the NC-based arrays. At the same time, the NC-based solids preserve the 
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quantized electronic structure of the NC building blocks. All of these make the NC-based solids 
very competitive to many organic-semiconductor-based FETs. In its own turn, it is reasonable to 
expect that these NC-based solids can go beyond FET and find their place in low-cost, large-area 
electronic and optoelectronic applications such as solar cells, light-emitting diodes, 
thermoelectrics, and photodetectors. 
It is important to outline that doping of the semiconductor NCs and their assembly remains 
an extremely challenging task nowadays. The attempts to increase the concentration of mobile 
carriers in the NC solids demonstrated only a limited success mainly due to the lack of 
appropriate techniques.199 A promising strategy of the intentional incorporation of atomic 
impurities in the NC lattice via proper inorganic ligands can open up a new chapter in the control 
of the doping in the NC-based assemblies.  
To assemble the all-inorganic NCs into 3D-connected gel superstructures, the metal-ion-
assisted-complexation technique was used. Diverse all-inorganic semiconductor NCs with 
different morphology, compositions, size, surface charge and inorganic capping ligands have 
been successfully assembled into 3D structures using appropriate coordinating counterions for 
the first time. All of these macroscopic materials, which are based on the well-interconnected 
NCs still preserve the electronic structure of the original quantum-confined semiconductors 
while being highly porous. Such universality of the novel gelation method is impressive, and it is 
likely to be applicable to electrostatic-stabilized all-inorganic NCs of virtually any shape, size, 
composition, and inorganic capping. The determination of the precise gelation mechanism of 
these all-inorganic NCs requires further studies, which is necessary for controlling and 
manipulating the structural parameters and the properties of the gel network.  
We expect that the combination of different functionalities into one gel superstructure on 
one side, and an additional control over their properties via appropriate linking counterions on 
the other side, can lead to completely new materials with complex functionalities and 
unparalleled synergetic properties found in neither of the NC building entities. 
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Appendix A 
 
 
 
 
Experimental Section 
 
A 1. Chemicals 
 
Lead (II) oxide (PbO, 99.999 %, Aldrich), Oleic acid (OA, 90 %, Aldrich), 
Trioctylphosphine (TOP, 97 %, STREM), Bis(trimethylsilyl) sulfide (TMS, synthesis grade, 
Aldrich), Sulfur powder (99.98 %, Aldrich), Oleylamine (OLA, 70 %, Aldrich), 
Bis[bis(trimethylsilyl)amino]tin(II) (Sn[N(SiMe3)2]2, Aldrich), Trimethylaluminium, 
Tetrakis(dimethylamido)hafnium as sources of aluminium and hafnium, respectively for atomic 
layer deposition (ALD), Selenium powder (Se, 160 mesh, 99.99 %, ChemPur), 
Tetradecylphosphonic acid (TDPA, 97 %, PlasmaChem), Trioctylamine (98 %, Aldrich), 
Thioacetamide (≥99.0 %, Aldrich), Tellurium powder (Te, 99.999 %, ChemPur), Cadmium 
oxide (CdO, 99.99 %, Aldrich), N-octadecylphosphonic acid (ODPA, >97 %, PlasmaChem), 
Trioctylphosphine oxide (TOPO, 99 %, Aldrich), Hexadecylamine (HDA, 90 %, Aldrich), 
Cadmium nitrate tetrahydrate (99.999 %, Aldrich), Myristic acid (98.5 %, Aldrich), Sodium 
hydride (98 %, Aldrich), Selenium dioxide (SeO2, 99.999 %, Aldrich), 1,2-Hexadecandiol 
(90 %, Aldrich), 1-Octanethiol (98.5 %, Aldrich), Cadmium acetate (anhydrous, 99.999 %, 
PURATREM), Zinc stearate (technical grade, Aldrich), 1-Octadecanol (97 %, Alfa Aesar), Zinc 
acetate (99.99 %, Aldrich), Potassium hydroxide (≥85 % KOH basis, Aldrich), N-Butylamine 
(99.5 %, Aldrich), Ammonium fluoride (99.99 %, Aldrich), Ammonium chloride (99.999 %, 
Aldrich), Ammonium bromide (99.999 %, Aldrich), Ammonium iodide (99.999 %, Aldrich), 
Indium (III) chloride (99,999 %, Aldrich), Gallium (III) iodide (99.999 %, Aldrich), Zinc iodide 
(99.999 %, Aldrich), Triphenylcarbenium tetrafluoroborate (98 %, Alfa Aesar) 
Hexamethylphosphorous triamide (HMPA, 97 %, Alfa Aesar), Ethylenediaminetetraacetic acid 
(99.995 %, Aldrich), Ethylenediaminetetraacetic acid disodium salt (EDTAsalt, Aldrich), Lead 
(II) acetate trihydrate (99.999 %, Aldrich), Zinc nitrate hexahydrate (>99.0 %, Aldrich), Silver 
nitrate (>99.0 %, Aldrich), Silver acetate (99 %, Aldrich), Cadmium perchlorate hydrate 
(99.999 %, Aldrich), Zinc nitrate hexahydrate (98 %, Aldrich), Sodium azide (99 %, Acros), 
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Rhodamine 101 (QY = 95 %,) and Rhodamine 6G (QY = 92 %,) as quantum yield standards 
(Lambda Physik GmbH), Zirconium (IV) acetylacetonate (98 %, ABCR), Ethanolamine 
(≥99.0 %, Aldrich), Hexamethyldisilazane (HMDS, ≥99 %, Aldrich), Iso-propanol (>99 %, 
Fisher), Sulfuric acid (95.0 – 98.0 %, Aldrich), Hydrogen peroxide (≥30 %, Aldrich), Sodium 
acetate (99.5 %, Grüssing), Chloroform-d (CDCl3, 99.8 %, Alfa Aesar), Hydrochloric acid-d 
solution (35 wt.  % in D2O, 99 atom  % D, Aldrich), Deuterium oxide (D2O, 99.9 %, Merck), 1-
Octadecene (ODE, 90 %, Aldrich), Benzyl ether (98 %, Aldrich), Diphenyl ether (Ph2O, ≥99 %, 
Aldrich), Squalene (≥98 %, Aldrich), N-Butanol (99.8 %, Aldrich), Chloroform (dried, max. 
0.003 % H2O, SeccoSolv®, Merck), Tetrachloroethylene (TCE, 99 %, Aldrich), Ethanol 
(anhydrous >99 %, Merck), Methanol (anhydrous, >99 %, Aldrich), Acetone (anhydrous >99 %, 
Merck), Hexane (anhydrous >99 %, Alfa Aesar), Formamide (FA, ≥99.5 %, Aldrich), N-
Methylformamide (MFA, 99 %, Aldrich), N,N-Dimethylformamide (DMF, anhydrous, 99.8 %, 
Aldrich), Propylene carbonate (PC, anhydrous, 99.7 %, Aldrich) were used as received. Solvents 
of p.A. grade were used on the stage of NC washing. MFA, PC HMPA were dried under 
vacuum; hexane, acetone, methanol, and ethanol were degassed. All chemicals for ligand 
exchange were stored and handled inside a nitrogen-filled glovebox.  
 
A 2. Nanocrystal Synthesis  
 
A 2.1. Synthesis of PbS Nanocrystals with Quasi-Spherical Morphology 
 
Quasi-spherical PbS NCs with narrow size distribution in the size range of 3–6 nm were 
synthesized using a modified literature procedure developed by Hines et al.16 In a typical 
reaction, a 50 mL three-neck flask was loaded with 223.2 mg of PbO, 20 mL of ODE, 1.27 mL 
of OA, 1 mL of TOP. The mixture was heated up to 105°C and kept under vacuum (~10-2 mbar) 
for 2 hrs. The mixture was then heated up to 150°C under argon until a clear solution formed. 
Then the flask was cooled to 120°C and kept for 30 min before injection. The cold solution of 
10 µL of TMS in 1 mL TOP was swiftly injected into the reaction flask at 120°C while 
vigorously stirring. The growth temperature was 115–120°C. The aliquots were taken at different 
instants of time (0, 1, 2, 4, 8, 10 and 12 min) to monitor the growth dynamics of the NCs. The 
small portions of NC dispersion were immediately cooled and diluted with TCE for optical 
spectra acquisition. The ethanol-acetone mixture (1 : 1 V/V) was added to the crude solutions to 
precipitate PbS NCs. The precipitated NCs were collected by centrifugation and redispersed in 
hexane. The washing steps were repeated thrice using hexane-ethanol as a solvent-nonsolvent 
Appendix A. Experimental Section 
 
149 
 
pair. Finally, the NCs were redispersed in TCE and stored in the glovebox retaining their 
absorbance and PL properties over months.  
The lower ratio between oleic acid and lead (from 3 : 1 to 2.5 : 1 and 2 : 1) resulted in the 
decrease of the total concentration of the precursors in the reaction flask yielding smaller PbS 
NCs. Additionally, the reaction can be slowed down in squalene as an example of a size-
regulating solvent.  
For the synthesis of bigger PbS NCs with 7.7 nm size, the additional separated multiple 
injections of TMS (2 µL) in 1 mL of ODE (one syringe) and 0.04 M lead (II) oleate in 10 mL 
ODE (second syringe) were performed in small portions using syringe pumps at 90°C over 
30 min. Since TMS is highly reactive and may easily overcome the barrier of the homogeneous 
nucleation, the addition of TMS should be carefully controlled.  
To replace the toxic TMS, elemental sulfur dissolved in TOP, OLA or benzyl ether was 
used. For example, 1 mL of 0.5 M homogeneous solution of the elemental sulfur in OLA was 
injected into 12 mL of 0.166 M solution of lead (II) oleate in ODE at 120–190°C. The duration 
of the reaction was varied from 1–20 min and led to the PbS NCs with different morphology 
such as quasi-spherical, truncated octahedron or cubic ones with a broad size distribution. The 
absorbance spectra were not informative without well-distinguished exciton transitions. In all 
cases, there was a strong unbalance of the kinetics of homogeneous nucleation and subsequent 
growth of PbS NCs under experimental conditions. These new synthetic routes based on 
environmentally friendly precursors have to be further optimized.  
 
A 2.2. Synthesis of PbSe Nanocrystals with Quasi-Spherical Morphology 
 
PbSe NCs with the size of 6.0 nm and low polydispersity were synthesized using a 
modification of the cation-exchange-mediated-nucleation method developed by Kovalenko et 
al.
32: 0.4768 g of PbO and 2.74 mL of oleic acid were dissolved in 15 mL squalene. We did not 
notice the difference in the growth kinetics of PbSe NCs when squalene was replaced with ODE, 
so the latter can also be used for the synthesis of PbSe NCs. The mixture was heated to 116–
120ºC under vacuum (~10-2 mbar) for 2.5 hrs to form yellow and clear solution of lead (II) 
oleate. The colour probably appears due to the formation of a complex with the solvent under 
these conditions. Then, the resulting solution was heated to 175°C and kept for 30 min before 
injection of the mixture of 200 µL of Sn[N(SiMe3)2]2 in 6.75 mL of 1 M TOP·Se. The stock 
solution of 1 M TOP·Se was prepared by dissolving 3.1584 g of Se powder in 40 mL of TOP at 
50°C inside the glovebox. The NCs were grown for 2–5 min followed by abrupt cooling with icy 
Appendix A. Experimental Section 
 
150 
 
water bath. In order to precipitate the NCs, N-butanol was added to the crude solution. The 
colloid was further centrifuged, and the precipitate was redispersed in pure hexane. This cleaning 
step was repeated twice with ethanol as the nonsolvent. Finally, the PbSe NCs capped with 
organic ligands were redispersed in hexane and stored in a glovebox. The isolated PbSe NCs 
were stable only under nitrogen, retaining their optical properties. The expose of the NC hexane 
solutions to air under ambient conditions (more than 1 day) led to rapid oxidation of the PbSe 
NCs with the formation of PbO, SeO2 and PbSeO3 species.
39 This process is accompanied by a 
significant blue shift and broadening of the absorbance as well as the PL bands.  
The injection and growth temperature can be varied from 140 to 210°C to obtain different 
sizes of the NCs from 4 to 7 nm. To enlarge the NCs to sizes beyond 7 nm, additional multiple 
injections of lead (II) oleate and TOP·Se were done using a syringe pump at T = 140 ºC during 
30 min to 1.5 hrs. For example, to synthesize 8.2 nm size PbSe NCs, the additional injection of 
0.2384 g of PbO, 1 mL of OA and 3.4 mL of 1 M TOP·Se in 16 mL of squalene was performed 
in small portions.  
To get smaller NCs, either the volume of Sn-precursor should be increased up to 700 µL or 
the OA : Pb-salt ratio should be slightly decreased – from the initial 4 : 1 to 3.8 : 1 or 3.5 : 1.  
The experimental details of the synthesis of PbSe NCs with different sizes are summarized 
in Table A.1. 
 
Table A.1. Experimental details of obtaining PbSe NCs of different sizes with narrow size 
distribution 
Size, nm (FWHM 
abs, meV) 
Pb:OA 
ratio 
Volume of 
Sn[N(SiMe3)2]2, µL 
Tinjection°C Tgrowth°C 
Reaction time, 
min 
4.1 nm (68) 3.8 : 1 300 175 150–155 2 
5.1 nm (45) 4 : 1 200 160 135–145 3 
5.8 nm (45) 4 : 1 200 190 165–175 2 
6.1 nm (41) 4 : 1 200 190 165–170 5 
6.7 nm (43) 4 : 1 200 210 185–190 2 
 
A 2.3. Synthesis of PbSe Nanowires 
 
Modifications of the synthetic procedure originally developed by Cho et al.38 are outlined 
in Table A.2. 
To prepare PbSe NWs with branched morphology with inner diameter ~10 nm, the length 
of the branches ~10 nm and the lateral length from 5 to 20 µm, the synthetic protocol was as 
follows. 0.3729 g of PbO, 1.86 mL of OA, 0.2396 g of TDPA in 5 mL ODE were mixed in a 
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three neck round flask. The mixture was heated to 100ºC under vacuum (~9·10-3 mbar) for 
30 min and then to 250°C under a nitrogen flow before injection to form lead (II) oleate in situ 
and dry the solution. The solution of 2 mL of 0.167 M TOP·Se in 2 mL of ODE was swiftly 
injected at 250°C, leading to a fast temperature drop to 230°C. The temperature drop was 
accompanied by the darkening of the solution colour in ca. 20 s after the injection. With 
increasing concentration of TDPA, the nucleation of PbSe NWs was delayed up to 50 s due to 
stronger binding of TDPA molecules to the lead species. The delayed nucleation provides good 
intermixing of the reactants and can explain slight changes in the diameter of the NWs.  
The reaction was abruptly stopped after 1 min and 35 s using a water bath. The crude 
solution was mixed with equal volume of hexane and the NWs were isolated by centrifugation at 
3000 rpm for 10 min. The precipitated NWs can be redispersed in chloroform with the formation 
of a stable solution. The repeated cleaning steps using ethanol-chloroform as a nonsolvent-
solvent pair can lead to partial desorption of the capping ligands from the surface of the PbSe 
NWs resulting in their transversal sticking into the thick fibers. 
 
Table A.2. The comparison of the original method of PbSe NW synthesis developed by Cho 
et al.
38 and its modifications performed in the current work 
Method 
Stabilizing 
Agents 
Solvent 
Vtotal, 
mL 
Pb:OA Pb:Se OA:TDPA 
Tinjection/ 
Tgrowth°C 
Growth 
time, s 
Cho et 
al.
38  
OA–
TDPA–
TOP 
Ph2O 31 1 : 3.15 3 : 1 8.8 : 1 250/190 50 
Current 
work 
OA–
TDPA–
TOP 
ODE 11 1 : 3.5 5 : 1 (10–7) : 1 250/230 95–120 
 
To transform branched PbSe NWs into straight PbSe NWs, three approaches can be used. 
The first one is based on the direct synthesis of straight PbSe NWs passing by the stage of the 
branched PbSe NW formation through increasing the injection temperature from 250°C to 270°C 
with subsequent NW growth temperature at 260–270°C for 3–5 min. Two other methods are 
based on the synthesis of the branched PbSe NWs first. The as-synthesized branched PbSe NWs 
can be subjected to a subsequent heat treatment either after cooling to room temperature or 
directly after the hot-temperature synthesis without cooling. Although these three methods are 
comparable, the approach based on the cooling of the branched PbSe NWs with their subsequent 
temperature annealing led to the smooth straight NWs.  
The washing steps of the straight PbSe NWs are identical to those for the branched PbSe 
NWs. The exchange of organic ligands with iodide ions is described below.  
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A 2.4. Synthesis of PbSe/PbS Core-Shell Nanocrystals with Quasi-Spherical and 
Cubic Morphology  
 
PbSe/PbS core-shell NCs were prepared via a two-step synthesis. In the first step, the 
monodisperse quasi-spherical PbSe NCs with the size of 5.4 nm capped with organic ligands 
were synthesized as described above. The PbSe NCs were isolated, purified thrice, redispersed in 
TCE to the concentration of 1.66·10-4 M and stored under inert atmosphere. The concentration of 
the PbSe core NCs was estimated based on the size-dependent molar extinction coefficients 
determined by Dai et al.37 In the next step, 5.4 nm-size PbSe NCs were further used as seeds for 
heteronucleation and subsequent growth of PbS inorganic phase.  
To get PbSe/PbS core-shell NCs with cubic shape, we first prepared the lead and sulfur 
stock solutions using the modification of the method developed by Talapin et al.42 0.4442 g of 
lead (II) oxide were mixed with 2 mL of OA in 10 mL of ODE and then heated to 150°C for 1 h 
to form homogeneous solution. The amount of lead and sulfur precursors necessary to obtain the 
desired shell thickness was calculated from the ratio between the core and shell volumes and the 
known bulk parameters of PbSe and PbS. For example, to grow ~3.6 nm thick PbS shell, 2 mL of 
the dried lead (II) oleate stock solution were mixed with 1.5 mL of 0.5 M solution of elemental 
sulfur in ODE at room temperature. 0.5 mL of 1.66·10-4 M solution of PbSe NCs in TCE was 
transferred to the reaction flask and the solvent was carefully removed under vacuum. The PbSe 
NCs were then dissolved in 11 mL of the degassed trioctylamine and 1 mL of OA. The flask 
with PbSe NCs was heated to 110°C, at which Pb/S precursors were slowly injected. The 
reaction temperature was raised to 150°C and kept for 3 min followed by fast cooling with a 
water bath. The washing of cubic PbSe/PbS NCs was performed in analogy with PbSe NCs. The 
PbSe/PbS NCs were stored in a glovebox. 
To synthesize PbSe/PbS core-shell NCs with quasi-spherical morphology, we modified the 
synthetic procedure originally developed by Brumer et al.41: 0.5 mL of 1.66·10-4 M solution of 
PbSe NCs in TCE was transferred in a three-necked flask and the solvent was carefully removed 
under vacuum. 4 mL of TOP was added into the flask to dissolve the PbSe NCs. To prepare the 
lead precursor, 0.0744 g of lead (II) oxide were dissolved in 2 mL of ODE, 1.5 mL of OA at 
150°C for 1 h and then cooled down. 0.02 g of elemental sulfur was dissolved in 200 µL of TOP 
to form the sulfur precursor. The sulfur and lead precursors were mixed with PbSe NCs at room 
temperature and then injected in 4 mL of TOP heated to 220°C. The injection led to a 
temperature drop to 140°C. After 5 min the reaction was stopped with a water bath. The 
PbSe/PbS NCs were precipitated by addition of the ethanol/hexane (2/1 V/V) mixture with 
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subsequent centrifugation. The precipitated NCs were redissolved in hexane and again 
precipitated with ethanol. Finally, the NCs were redispersed in TCE and stored in a glovebox.  
It is important to outline that the real PbS shell thicknesses were slightly lower than the 
expected values with ~10 % and ~15 % deviation for the cubic and quasi-spherical NCs, 
respectively, due to a possible underestimation of the molar extinction coefficient of PbSe NCs 
resulting in the deviation of their concentration, or due to not quantitative reaction between the 
lead and sulfur precursors.  
We also tried to use the other sulfur precursors to grow uniform PbS shell around PbSe 
core. For example, TMS and thioacetamide in DMF/TOP mixture are known as a sulfur sources 
in PbS synthesis. However, the highly reactive TMS easily overcame the barrier of homogeneous 
nucleation and generated PbS NCs in the presence of PbSe NCs. Even the excess of TMS with 
respect to lead precursor as well as low injection temperature (50–100°C) could not eliminate 
homogeneous nucleation of PbS NCs. As a result, the characteristic peak of PbS NCs 
corresponding to the first exciton transition is well distinguishable in the absorbance spectrum. 
Additionally, a blue shift of the exciton peaks of PbSe NCs was observed due to a partial 
dissolution and (or) alloying of PbSe NCs with sulfur. In turn, the thioacetamide in DMF/TOP 
mixture as a sulfur precursor was not reactive leading to inhomogeneous shell growth, 
interdiffusion of the constituents and broad size distribution of PbSe/PbS NCs.  
 
A 2.5. Synthesis of Cuboctahedral PbTe Nanocrystals 
 
The ~8.0 nm cuboctahedral PbTe NCs were synthesized according to the recipe proposed 
by Urban et al.45 In a typical synthesis, 0.6697 g of lead (II) oxide was dissolved in a mixture of 
1.4 mL of OA and 20 mL of squalene, and degassed by heating to 120°C under vacuum for 
2 hrs. Then, the solution was heated up to 180°C under nitrogen and 12 mL of 0.73 M of TOP·Te 
was injected. The temperature was reduced to 160°C and the reaction continued for 180 s. The 
PbTe NCs were purified by washing with hexane and precipitating with ethanol. The washing 
steps with the hexane-ethanol pair were repeated thrice and the resulting NCs were stored in 
TCE inside of a glovebox.  
0.73 M of TOP·Te was prepared by diluting the stock solution of 1 M of TOP·Te with pure 
TOP inside of a glovebox. To prepare 1 M of TOP·Te, 5.104 g of Te powder were dissolved in 
40 mL of TOP at 60°C for 12 hrs. 
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A 2.6. Synthesis of Quasi-Spherical CdSe Nanocrystals with Wurtzite Crystal 
Structure 
 
Monodisperse CdSe NCs in a size range of 2–4 nm were synthesized following Carbone et 
al.
53
 In a typical synthesis, 0.060 g of CdO, 0.280 g of ODPA, 3.0 g of TOPO and 1.5 g of TOP 
were mixed in a 25 mL flask and heated to 120°C under vacuum for 30 min. Then, the 
temperature was raised to 320°C to dissolve CdO and to form the colourless clear solution. The 
selenium precursor was prepared by dissolving 0.058 g of Se powder in 0.360 g of TOP inside 
the glovebox. The injection temperature and the growth time can be varied to synthesize CdSe 
NCs of different sizes. For example, to prepare 2.3 nm size CdSe NCs, the injection temperature 
was 340°C and the growth time limited to 1 min. To prepare 3.4 nm size CdSe, the temperature 
of injection of the selenium precursors was 370°C and the growth time was 30 s. After the 
synthesis, the NCs were precipitated with N-butanol and collected by centrifugation. The NCs 
were redispersed in hexane and precipitated with ethanol. The washing steps were repeated 
twice. Finally, the CdSe NCs were redispersed in hexane.  
To obtain larger CdSe NCs up to 5.0 nm with low polydispersity, we used the method 
developed by Panda et al.54 To synthesize 4.4 nm size CdSe NCs in one pot, 0.1767 g of CdO, 
8 g of HDA, 8 g of TOPO, 2.2 mL of OA and 46 mL of ODE were loaded in 100 mL flask. The 
mixture was heated at 110°C for 1.5–2 hrs. Under nitrogen flow, the reaction mixture was heated 
to 300°C to form a colourless clear solution. The temperature was lowered to 280°C, at which 
the solution of 1.6 mL of 1M TOPSe in 8 mL of ODE and 6.4 mL of TOP was swiftly injected. 
The reaction mixture was kept at 255–260°C for 20–25 min and then promptly cooled down to 
room temperature. The washing steps were similar to those described above.  
 
A 2.7 Synthesis of Quasi-Spherical CdSe Nanocrystals with Zinc-Blende Crystal 
Structure 
 
CdSe NCs were synthesized via a previously described method of the Cao group.57 To 
prepare cadmium myristate, 5 mmol of cadmium nitrate tetrahydrate was first dissolved in 
50 mL of methanol and then was dropwise added to the clear solution of 15 mmol of sodium 
hydroxide and 15 mmol of myristic acid in 500 mL of methanol at room temperature under 
vigorous stirring. The resulting white precipitate was washed with methanol thrice, filtrated and 
dried under vacuum.  
In a typical synthesis, 0.1 mmol of selenium dioxide, 0.1 mmol of cadmium myristate and 
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0.1 mmol of 1,2-hexadecanediol were added to a three-neck flask containing 5.0 g of ODE. The 
mixture was degassed under vacuum at room temperature. Under nitrogen flow, the solution was 
stirred and heated to 230°C at a recommended rate of 25°C/min. After 3 min of the NC growth, 
0.1 mL of OA was added dropwise into the reaction solution to prevent CdSe NCs from 
agglomeration. The growth time was varied from 30 to 60 min to form the NCs with the desired 
diameter. The resulting NCs were precipitated by adding acetone and then redispersed in hexane.  
 
A 2.8. Synthesis of Quasi-Spherical CdSe/CdS Core-Shell Nanocrystals with Wurtzite 
Crystal Structure  
 
CdSe/CdS core-shell NCs were prepared via a two-step synthesis. In the first step, the 
monodisperse CdSe NCs with the size of 3.4 nm were synthesized according to the protocol of 
Carbone et al.53 as detailed above. The CdSe NCs were isolated, purified thrice, redisperse in 
hexane, and filtrated through a 0.2 µm PTFE filter. The concentration was estimated according to 
data published by Jasieniak et al.63  
In the next step, the epitaxial growth of ML of the CdS shell with thicknesses of 2ML, 
4ML and 6ML (further referred to as CdSe/CdS-2ML, CdSe/CdS-4ML, and CdSe/CdS-6ML) 
was performed according to the combined method of Chen et. al.127 and Boldt et. al.64 A hexane 
solution of 100 nmol of CdSe NC cores together with 3 mL of ODE and 3 mL of OLA were 
loaded in a three-necked-flask and degassed under vacuum at 80°C for 45 min, then at 120°C for 
15 min. Under nitrogen atmosphere and stirring, the temperature was raised to 310°C. Starting 
from 230°C, the shell precursor solutions of cadmium oleate and 1.2 equivalent of 1-octanethiol 
(both diluted with ODE to a final volume of 5 mL) were injected dropwise via two separate 
syringes using a syringe pump. The precursor amounts were calculated from the core particle 
size and the targeted shell thickness. The precursor injection rate was adjusted to 5 mL/hr for 
2ML, 2.5 mL/hr for 4ML, and 1.667 mL/hr for 6ML thick CdS shell. The stock solutions were 
prepared following the protocol of Boldt et al.64 After completed precursor infusion, 1 mL of OA 
was quickly injected into the crude solution and annealed for additional 60 min at 310°C. 
After completion of the shell growth, the resulting NCs were isolated from the crude 
solution by precipitation with acetone/ethanol mixture and then purified with three additional 
dissolution/precipitation cycles with chloroform and acetone/ethanol as a solvent and a non-
solvent. The final product was dried under a nitrogen stream, redispersed in hexane, and stored 
in the glovebox. 
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A 2.9. Synthesis of Quasi-Spherical CdS Nanocrystals 
 
CdS NCs were synthesized using a method developed by Yu et al.51 The size of the 
resulting CdS NCs can be tuned with changing concentration of OA. Particularly the nucleation 
rate increases with decreasing concentration of OA leading to small NCs. In a typical synthesis 
of 3.5 nm CdS NCs, 0.1316 g of CdO, 25 mL of ODE and 1.32 mL of OA were mixed in 50 mL 
three-neck flask at room temperature and subsequently heated to 120°C under vacuum for 1 h. 
Under nitrogen flow, the temperature was raised to 300°C resulting in the formation of a clear 
solution of cadmium oleate in ODE. The reaction flask was cooled to 120°C and 1.05 mL of 
0.5 M sulfur in ODE was injected. The temperature was quickly increased up to 220°C and kept 
for 60 min. After cooling to room temperature, the CdS NC crude solution was mixed with 
chloroform/methanol (1/1 V/V) to extract unreacted OA and cadmium oleate (3 times). The CdS 
NCs were then precipitated with N-butanol and collected by centrifugation. The precipitated NCs 
were redissolved in hexane and stored under air.  
 
A 2.10. Synthesis of CdSe Nanoplatelets 
 
CdSe NPLs with a thickness of 1.2 nm were synthesized following a previously published 
procedure by the Dubertret group.65,66 In a three-neck flask, 170 mg of cadmium myristate and 
12 mg of selenium powder were mixed with 15 mL of ODE. Under stirring, the mixture was 
degassed under vacuum for 1 h at 90°C and quickly heated to 240°C. When the temperature 
reached 195°C, 40 mg of cadmium acetate was added. After 10 min at 240°C, the heating mantle 
was removed and the flask was rapidly cooled down to 70°C, at which temperature a solution of 
2 mL of OA in 10 mL of anhydrous hexane was injected. The resulting mixture was centrifuged, 
and the precipitate containing the NPLs was suspended in hexane. The cleaning step was 
repeated several times with hexane-ethanol as a solvent-nonsolvent pair and finally, the residue 
was redispersed in hexane. 
 
A 2.11. Synthesis of ZnO with Quasi-Spherical Morphology 
 
 ZnO NCs with a diameter of ~5.0 nm were synthesized following Jin et al.70 0.6 mmol of 
zinc stearate and 12 g of ODE were mixed and kept under vacuum at 100°C for 60 min. Then the 
solution was heated to 280°C under an argon flow. A separate solution of 6 mmol of octadecanol 
in 6 g of ODE which was previously degassed at 100°C for 60 min and heated to 190°C was 
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injected into the reaction flask to activate the esterification of the zinc carboxylate. The 
temperature dropped to 260°C, and the mixture was kept at this temperature for 60 min. The 
resulting NCs were precipitated with ethanol and subsequently centrifuged. The cleaning steps 
were repeated at least twice with the hexane-acetone as a solvent-nonsolvent pair. Finally, the 
residue was redispersed in hexane. 
 
A 2.12. Synthesis of ZnO Nanorods 
 
ZnO NRs were synthesized following Sun et al.71 0.812 g of zinc acetate and 250 µL of 
water were added into a flask containing 42 mL of methanol. 0.486 g of potassium hydroxide 
were dissolved in 23 mL of methanol and added dropwise into the flask containing zinc acetate 
at 60°C and kept at this temperature for 2 hrs. The solution was cooled down and condensed to 
8 mL using a rotary evaporator to decrease the growth time of the NRs. Then this solution was 
reheated for another 14 hrs at 60°C before cooling down. The heating time changes the length of 
the NRs and can be used to get NRs with different lateral dimensions. The solution of the NRs 
was centrifuged and then redispersed again in methanol to form a milky opaque sol. To stabilize 
ZnO NRs, the minimum amount of butylamine (~60 µL) was added to 300 µL solution of ZnO 
NRs in chloroform-methanol mixture (9/1 V/V) to form a stable concentrated colloid. 
 
A 3 Surface Design of Nanocrystals 
 
A 3.1. Solution-Phase Ligand Exchange of Pristine Molecules of Lead Chalcogenide 
Nanocrystals with Iodide Ions 
 
The ligand exchange of pristine molecules of the single-component PbS, PbSe, PbTe NCs 
with quasi-spherical morphology, two-component PbSe/PbS NCs with cubic and quasi-spherical 
morphology, straight and branched PbSe NWs can be carried out either under air or in an 
oxygen-free atmosphere. The latter is crucial for the preparation of samples suitable for the 
fabrication of solid films with a high electronic performance. 300 µL of 1 M solution of NH4I in 
MFA were mixed with 2.7 mL of acetone and then added to the diluted solution of the lead 
chalcogenide particles in hexane (6 mL, ~5–15 mg/mL). After vigorous shaking, the fluffy-like 
aggregated NCs were centrifuged and separated from the supernatant. An excess of acetone was 
added to the precipitate to remove the remaining organic molecules and unreacted NH4I. After 
centrifugation and drying, the powder was redispersed in 3 mL of MFA. The clear solution was 
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then precipitated with a hexane/acetone mixture (1/2 V/V). The dried powder was easily 
redispersed in pure MFA, forming stable and concentrated solutions due to electrostatic 
repulsion in the polar solvent. Concentrations as high as 220 mg/mL were easily achieved. 
Instead of MFA, PC, DMF or FA might also be used as solvents for the PbSe NCs. The 
concentration of the NCs in hexane, used in the ligand exchange procedure was ~4 mg/mL. MFA 
and FA are well-suitable solvents for concentrated solutions of the lead chalcogenide NCs, while 
PC or mixture of MFA/PC (1/5 V/V) – for diluted dispersions. Bromide and chloride ions were 
also able to replace the OA molecules. However, the all-inorganic lead chalcogenide NCs 
remained stable only with an excess of Br-, while Cl- ions could not form stable colloids. 
 
A 3.2. Solution-Phase Ligand Exchange of Pristine Molecules of Cadmium 
Chalcogenide Nanocrystals with Simple Halide, Pseudohalide and Complex Metal-Halide 
Ligands 
 
In analogy with the inorganic ligation described for the lead chalcogenide NCs, ligand 
replacement for the diverse cadmium chalcogenide NCs such as single-component CdS, CdSe 
NCs, two-component CdSe/CdS NCs, CdSe NPLs can be carried out either under air or in an 
oxygen-free atmosphere. A proper salt was dissolved in MFA to form a solution with 1 M 
concentration (NH4I, NH4Br, NH4Cl, NaN3) or their saturated solutions in MFA (InCl3, GaI3, 
and ZnI2) with a concentration lower than 1 M due to lower solubility of the corresponding 
solvents in MFA. All salts should be completely anhydrous.  
In a typical exchange with In-Cl-complex ligands (the similar procedure can be adapted for 
ligand exchange with Ga-I-complex- and Zn-I-complex-ligands), 300 µL of saturated solution of 
InCl3 in MFA were mixed with 2.7 mL of acetone and then added to the diluted solution of the 
CdSe or CdSe/CdS particles in hexane (5 mL, ~5–10 mg/mL). After vigorous shaking, the 
aggregated NCs were centrifuged and separated from the supernatant. An excess of acetone was 
added to the precipitate to remove the remaining OA and unreacted InCl3. After centrifugation 
and drying, the NC powder was redispersed in 3 mL of MFA upon adding 1–2 vol. % of HMPA 
to increase the solution basicity, resulting in a stable transparent dispersion.  
The next step was washing of the NCs in order to remove not bound insulating inorganic 
species which may influence the electronic performance of NC solids. This dispersion was 
intensively rinsed with fresh hexane three times and then precipitated with a hexane/acetone 
mixture (1/2 V/V). The dried powder was redispersed in MFA/HMPA mixture and centrifuged at 
5·103 rpm at a low temperature (-2°C) and then filtrated through a 0.2 µm PTFE filter. A 
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minimal addition of 0.5 mL of hexane/acetone mixture, further centrifugation and redispersion of 
the dried powder in a MFA/HMPA mixture led to the formation of stable and concentrated 
solutions (up to 200 mg/mL).  
In contrast to CdSe NCs, we could not properly wash the CdSe/CdS NCs after their surface 
modification with indium-chloride-complex ligands. The particles could be redispersed after 
precipitation with acetone as a non-solvent only with the addition of an excess of InCl3 (~30 µL 
of the saturated solution of InCl3). This can be attributed to a lower affinity of the In-Cl-complex 
species to the CdS surface. On the contrary, Ga-I-complex- and Zn-I-complex-ligands can easily 
stabilize CdSe/CdS NCs. 
The ligand exchange with NH4Br, NH4Cl and NaN3 was carried out in a similar way, but 
with ~2.0–2.5-fold dilution of their saturated solutions with pure MFA before adding acetone 
due to the low solubility of the corresponding salts in MFA/acetone mixture. Since the 
ammonium and sodium cations can be solvated with MFA, there is no need to add HMPA as a 
co-solvent.  
The ligand exchange with NH4I was performed following the recipe described for the lead 
chalcogenide NCs. 
 
A 3.3. Solution-Phase Ligand Exchange of Pristine Molecules of Zinc Oxide 
Nanocrystals with Fluoride Ions 
 
The ligand exchange of the quasi-spherical stearate-stabilized ZnO NCs with fluoride ions 
was performed in the glovebox using a two-step ligand exchange procedure developed by the 
Talapin group.98 In the first step, the organic ligands were stripped off with triphenylcarbenium 
tetrafluoroborate as an efficient agent to remove the organic ligands from the NC surface. 0.5 M 
solution of triphenylcarbenium tetrafluoroborate in dried acetone was added to the relatively 
concentrated 5 mL solution of ZnO NCs until their complete flocculation. The aggregated ZnO 
NCs were centrifuged and separated from the supernatant. The precipitate was washed with 
acetone to remove the unreacted triphenylcarbenium tetrafluoroborate. After centrifugation and 
drying, the powder may be redispersed in MFA to form a stable solution for a short time only. 
Since the suspension of ligand-stripped ZnO NCs in MFA did not show colloidal stability, in a 
second step the addition of coordinating fluoride species (∼100 µL of a saturated solution of 
NH4F in MFA) with high affinity to the electrophilic zinc centers of ZnO NCs was necessary to 
obtain stable colloidal solutions. 
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To obtain a stable solution of ZnO NRs we first removed all pristine species such as Bu-
NH2, OH
-, acetate ions via multiple precipitation and redispersion steps, until they could not be 
redispersed in organic solvents. Subsequently, pure MFA was added to the powder of the dried 
ZnO NRs. The resulting mixture was quickly sonicated and then a saturated solution of NH4F in 
MFA was added until a stable and transparent colloid of ZnO NRs in MFA formed.  
The NH4F salt should be anhydrous.  
 
A 3.4. Organic-Inorganic Hybrid Functionalization of Cadmium Chalcogenide 
Nanocrystals with Primary Amines 
 
All-inorganic CdSe or CdSe/CdS NCs in MFA were precipitated from MFA (>30 mg/mL) 
by adding the proper primary amine, separated by centrifuging, and redispersed in nonpolar 
solvents. Bu-NH2-functionalized CdSe or CdSe/CdS NCs could be easily redispersed in 
chlorinated solvents (except TCE). In its own turn, OLA-functionalized CdSe NCs can form a 
stable dispersion in a large range of nonpolar solvents such as hexane, toluene, chloroform, etc. 
Other primary alkylamines such as octylamine and hexadecylamine worked well for these 
colloidal systems too. 
The washing steps for the OLA-functionalized NCs were similar to those described for 
organic-capped CdSe NCs. On the other hand, to remove excess of N-butylamine, two washing 
procedures could be used. The first procedure was based on the addition of the minimal amount 
of hexane in the relatively diluted solution of the NCs in chloroform. The precipitated NCs were 
redispersed again in chloroform or other chlorinated solvents. The second procedure included the 
evaporation of the solvent with subsequent drying of the powder under the vacuum. The desired 
chlorinated solvent was then added to the Bu-NH2-functionalized CdSe NCs or CdSe/CdS NCs. 
 
A 4. Fabrication of Nanocrystal-Based Solids 
 
A 4.1. Preparation of ZrOx Gate Dielectric Material 
 
243.8 mg of Zr (IV) acetylacetonate were dissolved in 5 mL of DMF and an equimolar 
amount of ethanolamine (30.18 µL) was added to the solution to promote hydrolysis in oxygen-
free atmosphere using a Schlenk-line following the recipe of Park et al. and Chung et al.93,163 
The solution was stirred at 70°C for 3 hrs. After cooling, the dispersion was filtrated through 
0.2 µm PTFE filter and spin coated on the degenerately doped silicon substrates at 4000 rpm for 
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60 s. The film of deposited ZrOx precursor was thermally annealed at 400°C for 1 h in a furnace 
under a nitrogen atmosphere. The thin-film of ZrOx dielectric with a thickness of ~10 nm was 
further passivated with HMDS molecules for 24 hrs at room temperature to decrease the gate 
current leakage (< 10-7 A/cm2) and minimize the concentration of surface hydroxyl groups. The 
areal capacitance (Ci) of HMD/ZrOx gate dielectric was estimated as 320 nF/cm
2. 93 
 
A 4.2. CdSe, CdSe/CdS Nanocrystal-based FET Device Fabrication with “Top 
Contact/Bottom Gate” Configuration 
 
All fabrication steps were carried out in a dry nitrogen atmosphere. Highly doped silicon 
wafers (Siegert Wafer) coated with a 300-nm-thick thermally grown SiO2 gate oxide were used 
as substrates for the electrical transport characterization of the NC solids. Prior to NC deposition, 
the substrates were cleaned with acetone, iso-propanol and ethanol, then hydrophilized by 
piranha (H2SO4 conc./30  % H2O2 2/3 V/V) treatment at 130°C for 15 min, followed by multiple 
rinsing with high purity deionized water.  
40–50 nm NC films were prepared by depositing of the dispersion of all-inorganic CdSe or 
CdSe/CdS NCs in MFA or MFA/HMPA with concentration of 60–100 mg/mL by spin-coating 
(spread – 800 rpm, 2 s, spin – 2200 rpm, 60 s) at elevated temperatures of 70–80°C, maintained 
by an infrared lamp placed above the substrate. To deposit the hybrid-capped CdSe NCs on 
HMDS/ZrOx gate dielectric, the solution of the NCs in chloroform with concentration up to 
100 mg/mL was spin-coated at room temperature. A similar film fabrication on quartz substrates 
(Hellma Analytics) was carried out for optical characterizations under air. 
As-deposited NC films were thermally annealed at 190°C for 30 min and then cooled 
down. Source and drain aluminum (Al) electrodes were patterned on the surface of thermally 
treated NC arrays using a lithographically patterned shadow mask defining channel length 
(1000 µm) and width (50–200 µm). The electrodes were thermally evaporated in vacuum at the 
rate 2–3 Å/s to 60–100 nm thickness using a metal evaporator located inside the glovebox 
(CREAPHYS EVAP 250).  
 
A 4.3. PbSe Nanocrystal-based FET Device Fabrication with “Bottom Contact/ 
Bottom Gate” Configuration 
 
Highly doped silicon substrates coated with a 100 nm thick thermally grown SiO2 gate 
oxide and pre-patterned with 5 nm Ti/35 nm Au source (drain) electrodes were used as substrates 
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for FET measurements (Fraunhofer IPMS). The ratio of a channel length to a channel width was 
50 µm to 1000 µm. These substrates were shortly (~10 min) cleaned by piranha treatment 
followed by multiple rinsing with high purity deionized water before usage. In some cases the 
dispersions of PbSe particles (60–150 mg/mL in 1/3 V/V MFA/PC mixture) capped with iodide 
ions were additionally purified by centrifugation at 10·103 rpm for 8 min before further 
processing. PbSe NC-based films (~50 nm thickness) were deposited by spin-casting the 
dispersion onto the cleaned substrate at 500 rpm for 5 s followed by 2000 rpm for 40 s at 
elevated temperatures of 70–80°C. Immediately after spin-coating, the films were placed in a 
vacuum antechamber to remove the rest of the solvent. The film fabrication was performed 
inside a glovebox. A similar film fabrication on quartz substrates (Hellma Analytics) was carried 
out for optical characterizations under air. 
 
A 4.4. Metal-Oxide Infilling of Iodido-Capped PbSe Nanocrystal-Based Solids via 
ALD Technique 
 
Low-temperature ALD with amorphous Al2O3 or HfO2 infilling was carried out using a 
Savannah ALD system, and Al(CH3)3 or Hf(NMe2)4 and H2O precursors as aluminum (hafnium) 
and oxygen sources, respectively. The operating pressure was 0.09 Torr. The mass flow was 
20 sccm, the pulsed deposition and waiting times were 15 ms and 60 s, respectively for Al2O3. In 
the case of HfO2 the pulsed (waiting) times were 0.15 s (60 s) and 15 ms (60 s) for Hf(NMe2)4 
and H2O, respectively. The infilling temperature was chosen to be 87°C (slightly varied but not 
exceeded 90°C) leading to a fast formation of 10 nm Al2O3 and HfO2 films and simultaneous 
protecting the quantum confinement structure of the PbSe NC solids.  
 
A 5. Gelation of All-Inorganic-Capped Nanocrystals 
 
The stable dispersions of the quasi-spherical 4.5 nm CdSe NCs capped with iodide, 
chloride, cadmium, indium-chloride, gallium-iodide-complex ligands in MFA or MFA/HMPA 
mixture (98/2 V/V); CdSe NPLs with thickness of 1.2 nm, capped with iodide ions in MFA; 
quasi-spherical 5.3 nm PbS and 5.1 nm PbSe NCs passivated with iodide ligands in MFA/PC 
mixture (1/3 V/V); quasi-spherical ~5 nm ZnO NCs and ZnO NRs (diameter/length ~10 nm/(20–
70) nm) capped with fluoride ions in MFA were prepared and thoroughly washed to remove 
excess of inorganic ligands as described above. The excess of the inorganic species led to the 
extension of the gelation time at the same conditions compared to the properly washed NCs. The 
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characteristic values of the electrokinetic potentials (ξ) of the NCs that were related to their 
surface charge density were determined using dynamic light scattering (DLS) technique and 
summarized in Table A.3 
 
Table A.3. Electrokinetic (ξ) potentials acquired with DLS for the NC dispersions used for the 
gelation 
Material ξ potential, mV 
CdSe NCs (I-) -22 
CdSe NPLs (I-) -26 
CdSe NCs (Cl-) -13 
CdSe NCs (In-Cl-complex) -31 
CdSe NCs (Ga-I-complex) -25 
CdSe NCs (Cd2+) +27 
PbS NCs (I-) -29 
PbSe NCs (I-) -28 
ZnO NCs (F-) -12 
ZnO NRs (F-) -19 
 
To initiate gelation of the NCs, the appropriate counterions Cd2+, Pb2+, Zn2+, Ag+, S2- used 
in the form of cadmium acetate, zinc acetate and lead (II) acetate trihydrate were dissolved in 
MFA to form 0.2 M solutions. Silver nitrate was dissolved to form a saturated solution in aprotic 
PC. Sodium sulfide was dissolved in MFA to obtain 0.2 M solution. All gelation steps were 
performed under air by adding an appropriate amount of the salts to the NC dispersions 
(Table 4).  
The concentration of the ZnO NCs was estimated based on the total mass of the stripped 
NCs. The solutions were mixed and left for gelation at ambient temperature. The given 
concentration pairs of the linking ions and the electrostatic-stabilized NCs were found optimal 
for the formation of open and branched 3D structures, as well as for their gelation time and for 
the efficiency of the gel conversion. Much lower and much higher concentrations of the chosen 
linkers from the optimal concentration led to extended gelation time and a lower efficiency of 
gelation or to the formation of compact and dense aggregates, respectively.  
The gelation efficiency was roughly estimated comparing the intensity of the lowest 
electronic transitions for the NCs before and after triggering the gelation with counterions. Only 
small volumes of the supernatants were taken in order to keep the concentrations of the gelating 
systems unaltered. The point, at which slight changes in the optical absorption intensities during 
the gelation occurred, was used to estimate the gelation time of each system. 
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The gelation of the electrostatic-stabilized NCs can also be induced by other salts 
containing the desired cation and the anion with low nucleophilicity such as Cd(NO3)2·4H2O; 
Cd(ClO4)2·xH2O, Zn(NO3)6·6H2O, etc. In this case, the solubility of the different inorganic salts 
in MFA, MFA/HMPA, MFA/PC mixtures should be carefully checked since it was usually lower 
than that for acetates. For example, the solubility of Zn(NO3)6·6H2O in MFA, or MFA/PC is 
much lower than Zn(Ac)2 resulting in changes of gelation kinetics.  
 
Table A 4. Summarized data of ion-induced gelation of the all-inorganic semiconductor NCs 
Material 
Concentration 
of NCs, 
mg/mL 
Salt 
Concentration 
of the 
gelation-
inducing ions, 
mM 
Approximate 
gelation time 
Efficiency of 
gel 
conversion, % 
CdSe NCs (I-) 3 Cd(Ac)2 20 7 days 81 
CdSe NPLs (I-) 0.5 Cd(Ac)2 5 15 days 62 
CdSe NCs (Cl-) 1 Cd(Ac)2 10 5 days 92 
CdSe NCs (In-
Cl-complex) 
1 Cd(Ac)2 10 6 days 92 
CdSe NCs (Ga-
I-complex) 
1 Cd(Ac)2 10 6 days 90 
CdSe NCs 
(Cd2+) 
3 Na2S 30 3 days 88 
PbS NCs (I-) 3 Pb(Ac)2 20 6 days 94 
PbSe NCs (I-) 3 Pb(Ac)2 20 6 days 89 
ZnO NCs (F-) 3 Zn(Ac)2 10 2 days 73 
ZnO NRs (F-) 3 Zn(Ac)2 5 3 days 87 
CdSe NCs (I-) 3 Pb(Ac)2 20 4 days 94 
CdSe NCs (I-) 3 Zn(Ac)2 20 5–6 days 82 
CdSe NCs (I-) 3 Cd(NO3)2 20 6–7 days 83 
CdSe NCs (I-) 5 Zn(NO3)2 5 >8 days 42 
CdSe NCs (I-) 5 Ag(NO3) ~5 4–5 weaks 100 
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A 6. Characterization Techniques 
 
A 6.1. Optical Spectroscopy 
 
All measurements were performed at room temperature. UV-Vis absorbance spectra of 
dispersions of CdS, CdSe, CdSe/CdS core/shell and ZnO NCs were acquired using a Cary 50 
spectrophotometer (Varian Inc.). Absorbance spectra of the solutions of PbS, PbSe, and 
PbSe/PbS core/shell NCs, as well as the thin films based on CdSe, CdSe/CdS core-shell, PbSe 
NCs and NC-based solvogels and aerogels, were acquired using a Cary 5000 UV-Vis-Near-IR 
spectrometer (Varian Inc.). The absorbance spectra of the films, solvogels and aerogels were 
obtained by recording transmittance and total reflectance using an integrating sphere.  
A Fluoromax-4 spectrofluorometer (Horiba Jobin Yvon Inc.) equipped with a PMT 
detector for the visible range was used to acquire the steady-state PL spectra of solutions of 
CdS,CdSe, CdSe/CdS core-shell and ZnO NCs and to estimate PL QY. A FluoroLog-3 
spectrofluorometer (Horiba Jobin Yvon Inc.) equipped with a Quanta-φ integrating sphere was 
used for absolute PL-QY determinations and the collection of PL spectra of the NC-based 
solvogels in the corresponding solvents, the spin-coated thin films on quartz substrates and the 
solid aerogels using the holders for solid samples, mounted at the bottom of the integrating 
sphere.  
All spectra were corrected with a baseline of the corresponding pure solvents (or a mixture 
of solvents) or cleaned quartz glass.  
PL decay spectra of CdSe, CdSe/CdS NCs, CdSe-based solvo-and aerogels were recorded 
on a Fluorolog-3 spectrofluorometer (HORIBA Jobin Yvon Inc.), using a monochromator-based 
time-correlated single-photon counting (TCSPC) method. The PL was excited with a laser diode 
at 410 nm with a pulse width of 200 ps operating at 1 MHz.  
 
A 6.1.1. Estimation of Photoluminescence Quantum Yield of Nanocrystal Dispersions 
 
All PL spectra of colloidal NC solutions with corresponding optical densities in the range 
of 0.05–0.10 at excitation wavelengths were acquired at room temperature. The small values of 
optical density is necessary to eliminate the reabsorption of emitted light and other artifacts due 
to different light penetration depths. To measure relative PL QY of NCs, we normalized PL 
spectra of different samples with respect to the absorbed light intensity at the excitation 
wavelength and subsequently integrated the PL intensity vs photon energy over the entire 
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spectra. The absolute values of PL QY can be estimated by comparing the relative values with 
those of freshly prepared standard solutions with known QYs such as Rhodamine-101 in ethanol 
(95 %). Rhodamine 6G in ethanol was chosen as a second standard with PL QY (92 %) 
calculated based on Rhodamine-101 following published instructions.118 The QY standards were 
purchased from Lambda Physik GmbH and were of the highest purity commercially available. 
All values of PL QYs were corrected for different refractive indexes of the various solvents. The 
total error of the calculated PL QY was estimated to be 7–10 %.  
 
A 6.2. Electron Microscopy 
 
Transmission electron microscopy (TEM) of the samples was performed using an FEI 
Tecnai F20 microscope operated at 200 kV. High-resolution TEM (HRTEM) of the samples was 
performed using an FEI Tecnai F30 microscope operated at 300 kV and equipped with an energy 
dispersive X-ray spectrometer (EDXS) EDAX EDAMIII to perform EDX analysis.  
Samples were prepared by drying ~10 µL of NC dispersion with varied concentrations 
onto a Formvar/carbon coated 200 mesh copper grid either under air or inside of the glovebox or 
under reduced pressure.  
High resolution scanning electron microscopy (HRSEM) was carried out on a SU8020 
(Hitachi) using the semi inlense detector (Ua = 30 kV). Energy dispersive X-ray element 
mapping was made with a Silicon Drift Detector X-MaxN 80 (Oxford Instruments) in 
combination with the AZtec software. The Cross section polisher IM4000 (Hitachi) with an 
argon ion beam was used to prepare the sample for cross section images.  
 
A 6.3. Fourier Transform Infrared Spectroscopy  
 
Fourier transform infrared (FT-IR) spectra were acquired in the transmission mode on a 
Nicolet iS5 FT-IR spectrometer (Thermo Scientific) equipped with an attenuated total 
reflectance (ATR) crystal (Smart iTR diamond plate) with averaging over 64 scans and 
resolution of 4 cm-1 at room temperature. The measurements were performed either via drop 
casting of the NC dispersion onto the ATR crystal and subsequent evaporation of the solvent or 
via direct placing solid samples on the top of the ATR plate.  
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A 6.4. One-Dimensional Liquid-Phase 
1
H Nuclear Magnetic Resonance Spectroscopy 
 
1D liquid-phase 1H nuclear magnetic resonance (1H NMR) spectra were acquired using an 
Avance 300 (Bruker, Karlsruhe, Germany) NMR spectrometer. All measurements were 
performed at room temperature. The NMR spectra were recorded at a resonance frequency of 
300.13 MHz using a 10 mm probe head, a pulse length of 20 µs and a relaxation delay of 10 s. 
The 1H NMR chemical shift was referenced to tetramethylsilane (TMS). The organic- or hybrid-
capped NCs were carefully washed, then organic solvents were evaporated and the residue was 
dried under vacuum. Afterward, the residue was redissolved in CDCl3. The inorganic-capped 
NCs were precipitated with acetone, and the residue was dried under vacuum. The dried NCs 
were digested with DCl/D2O solution (10 wt. %) at 80°C, following a modified procedure.
201 A 
solution of OA in CDCl3, used in the NC synthesis was prepared for comparison. The volume of 
all solutions was 600 µL.  
The digestion of CdSe NCs in half-concentrated aqua regia, following the extraction of 
organic ligands with ethyl ether and redispersion of the dried residue in CDCl3 for analysis was 
performed according to the previously published procedure.83 The amount of NCs after ligand 
exchange used for digestion was ~20 times less than before ligand exchange.  
 
A 6.5. X-Ray Photoemission Spectroscopy  
 
X-ray Photoemission Spectroscopy (XPS) was performed with an ESCALAB™ 250Xi 
XPS Microprobe (Thermo Scientific™) equipped with a monochromatized Al Kα X-ray source 
(hν = 1486.6 eV) with the spectral resolution of 0.5 eV. The survey spectra were acquired at a 
bandpass energy of 80 eV. For the XPS study, the samples were prepared under inert atmosphere 
by drop-casting a thin NC film on a pre-cleaned Si substrate. To prevent charging of the samples, 
a flooding of the sample with low kinetic energy electrons was employed. Spectra deconvolution 
and quantification were performed by the Avantage Data System (Thermo Scientific™). 
 
A 6.6. Powder X-Ray Diffraction 
 
Powder X-ray diffraction (XRD) patterns were collected with a Bruker AXS D2 PHASER 
diffraction system in the reflection mode. A Nickel filter, Cu Kα1 irradiation, and a 
LYNXEYE/SSD160 detector were used. To estimate the grain size of the single-component NCs 
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in the direction perpendicular to the corresponding lattice plane, the Scherrer equation was 
used202: 
θ
λ
coshklB
K
D =           (A 1) 
where D – crystallite size in the direction perpendicular to the lattice (hkl) planes in terms of 
Miller indices, K = Scherrer constant (~0.9), λ – wavelength of the radiation, Bhkl – the width 
(full-width at half-maximum) of the X-ray diffraction peak in radians , θ – Bragg angle. 
 
A 6.7. Inductively Coupled Plasma – Optical Emission Spectroscopy 
 
Inductively Coupled Plasma – Optical Emission Spectroscopy (ICP-OES) was carried out 
on Perkin-Elmer Optima 7000DV optical emission spectrometer to accurately quantify Cd, Se, 
In, Zn, Ga elements in the NC samples. The content of iodine species was estimated using the 
Agilent 5100 SVDV ICP-OES. All calibration procedure standard solutions were matrix 
matched.  
Half-concentrated aqua regia (HNO3(c)/HCl(c) 1/3 V/V) and deionized water were used to 
prepare the digestion solution and added to the dried NC sample of ~20–30 mg. The volume of 
clear solution was then adjusted by adding deionized water.  
 
A 6.8. Dynamic Light Scattering and ξ-potential Measurements  
 
Dynamic light scattering (DLS) and ξ-potential data were collected using a ZetasizerNano-
ZS (Malvern Instruments, Inc.) The colloidal solutions were filled into a quartz cuvette, and a 
dip-cell setup with Pd electrodes was used to apply an electrical field to the solutions of the NCs. 
The concentration was optimized for each sample to achieve high count rates (>100 kcps) and 
good signal-to-noise ratios. The measurement of the ξ-potentials included three scans of 70 runs 
each. The values of ξ-potentials were calculated from the electrophoretic mobilities using 
Henry’s equation in Smoluchowski limit. The DLS data are averages of five measurements of 30 
scans.  
 
A 6.9. Raman Spectroscopy 
 
Raman spectra were acquired with 514.7 nm excitation light of the DPSS laser (Cobolt) 
with a power of 10 µW and registered at a spectral resolution of 2 cm-1 using a LabRam HR800 
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micro-Raman system (a microscopic objective 100x was used). Preliminary measurements at 
different powers of the exciting laser light were performed to exclude any effect of thermal 
heating of the NCs under the laser beam on the Raman peak position and width.  
 
A 6.10. Thermogravimetric Analysis 
 
Thermogravimetric analysis (TGA) was performed using a Mettler Toledo TGA/DSC1 
STARe System thermal analyzer. The samples were heated from 25°C up to 600°C with a 
heating rate of 5–6°C/min under nitrogen. All experiments were carried out using 100 µL 
disposable aluminum crucibles. 
 
A 6.11. Atomic Force Microscopy  
 
Atomic Force microscopy (AFM) images were taken in tapping mode with a CombiScope 
(AIST, USA) and TAP-Al-G tips (BudgetSensors, Bulgaria) with 285.5 kHz frequency (and an 
amplitude of 20–40 nm). 
 
A 6.12.Electrical Measurements of Nanocrystal-Based FET Devices  
 
All electrical measurements of CdSe and CdSe/CdS NC-based solids were performed in 
dry nitrogen atmosphere using a HP 4145B semiconductor parameter analyzer. The source 
electrode was grounded. All measurements were performed with slow scans of the source-drain 
and gain voltages (0.3 V/s and 0.15 V/s, respectively) and data were averaged over 4–6 devices. 
The electrical measurements of Al2O3-infilled iodido-capped PbSe NC solids were carried out at 
room temperature under air using two Keithley source measurement units, one Keithley 2611A 
for the drain/source contacts and one Keithley 2400 for the gate/source contact.  
 
A 6.13. Nitrogen Physisorption  
 
Nitrogen physisorption was performed on a surface analyzer Quantachrome NOVA 3000E. 
All samples were activated in a vacuum at 393.15 K for at least 24 h. The specific surface area 
was calculated using the Brunauer-Emmet-Teller (BET) equation in the relative pressure area 
(p/p0) from 0.05 to 0.20. 
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A 6.14. Solvent Exchange and Supercritical Drying Procedure 
 
In order to transfer the solvogel into a corresponding self-supporting solid aerogel 
monolith, the supernatant of the solvogel was carefully replaced with acetone for several times. 
After a complete exchange of the solvent, the solvogel was transferred into an autoclave (critical 
point dryer, Mode 13200J-AB (SPISUPPLIES) for supercritical CO2 drying. The chamber was 
washed with liquid CO2 to exchange the acetone. To convert the liquid CO2 into its supercritical 
state, the chamber was heated above the temperature of ~31°C and pressure of ~80 bar.  
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